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The prototype minute virus of mice (MVMp) and the H-1 virus belong to the family of 
Parvoviridae and can be used as oncolytic agents that infect, replicate in and kill human 
cancer cells. In preclinical trials the viruses were shown to be very successful to eradicate 
tumors in mice and rats. A phase I/IIa clinical trial with patients suffering from recurrent 
glioblastoma multiforme showed that parvovirus is safe to use in humans and that the 
therapy induces an infiltration of immune cells into the tumor tissue.  
 
Many aspects of the parvoviral life cycle have been studied over the last decades. The entry, 
replication, transcription and packaging mechanisms of the virus are well understood. 
However, the process of the virally-induced lysis of the cell is still unknown. The viral 
non-structural protein 1 (NS1) was suggested to have cytotoxic features but a direct lytic 
mechanism could not be shown. Recently, the porcine parvovirus (PPV) was found to 
express the short transmembrane protein SAT. Mészáros and coworkers showed that a 
knockout of SAT led to a reduced lytic capacity of the virus (Mészáros et al., 2017). In the 
current study we show that the SAT protein of MVMp is also important for the lysis of the 
cell. A knockout of SAT in the genome of MVMp reduced the lytic capacity of the virus 
and SAT-ko viruses were also found to be less infectious than the wild type virus. The sole 
expression of SAT induced lysis and it exceeded the lytic capacity of NS1 by multiple times. 
Mészáros and coworkers suspected SAT to induce an irreversible stress in the endoplasmic 
reticulum which eventually led to the death of the cell. However, a direct mechanism of this 
process could not be shown. We suspect SAT to function as a viroporin - a class of virally-
encoded transmembrane proteins that oligomerise to form pores through membranes. We 
could show that SAT is transported to the plasma membrane where it oligomerises in 
multimers and makes the plasma membrane permeable to the small molecule Hygromycin 
B. A computer simulation of the protein confirmed that SAT oligomerises in symmetrical 
complexes. However, pore-like structures were not observed. Furthermore, an increase in 
the permeability of ions such as calcium and sodium, which is often seen for other 
viroporins, was not found.  
 
In an attempt to increase the lytic capacity of MVMp we created the SUPER virus. The 
position of SAT was altered in the genome of SUPER in order to increase its translation. 
We could show that the translation of SAT was indeed increased for the SUPER virus 






was not very efficient. In order to increase the production of SUPER, we constructed 
shRNA constructs to knockdown SAT. Although the production of SAT was decreased, 
this approach did not increase the production of the virus. Nevertheless, the SUPER virus 
could be a promising candidate for the therapy with oncolytic parvoviruses. We suspect its 
increased lytic potential to release tumor antigens more efficiently compared to the lytic 
potential of the wild type virus. The released tumor antigens are suspected to stimulate cells 
of the immune system such as dendritic cells and cytotoxic T-cells in order to recognise and 









Das prototypische Minute virus of mice (MVMp) und das H-1 virus gehören der Familie 
der Parvoviridae an und können als onkolytische Agenzien eingesetzt werden, die humane 
Krebszellen infizieren, in ihnen replizieren und sie zerstören. In präklinischen Versuchen 
wurde gezeigt, dass das Virus mit großem Erfolg Tumore in der Maus und der Ratte 
zerstören kann. Eine klinische Phase I/IIa Studie, in der Patienten behandelt wurden, die an 
wiederkehrendem Glioblastoma multiforme litten, hat gezeigt, dass das Parvovirus sicher 
für den Einsatz am Menschen ist und dass die Therapie zu einem Influx von Immunzellen 
in das Tumorgewebe führt. 
 
Viele Aspekte des parvoviralen Lebenszyklus wurden in den letzten Jahrzehnten erforscht. 
Die Prozesse der Aufnahme, der Replikation, der Transkription und des Verpackens von 
Nachkommenviren sind gut verstanden. Allerdings ist der Prozess der virus-induzierten 
Zelllyse noch nicht gut erforscht. Es wurde vermutet, dass das virale Nicht-strukturprotein 
1 (NS1) zytotoxische Eigenschaften hat. Allerdings konnte ein direkter lytischer 
Mechanismus nicht gezeigt werden. Vor kurzem wurde entdeckt, dass das porcine 
Parvovirus (PPV) das kurze Transmembranprotein SAT exprimiert. Mészáros und seine 
Mitarbeiter zeigten, dass ein Knockout von SAT eine geringe lytische Kapazität des Virus 
zur Folge hatte (Mészáros et al., 2017). In der hier vorliegenden Studie haben wir gezeigt, 
dass auch im MVMp das SAT Protein wichtig für die Lyse ist. Ein knockout von SAT im 
Genom von MVMp reduzierte die lytische Kapazität des Virus und SAT-ko Viren waren 
weniger infektiös als wildtypische Viren. Die alleinige Expression von SAT induzierte die 
Lyse und die lytische Kapazität von SAT war um ein Vielfaches größer als die von NS1. 
Mészáros und seine Mitarbeiter vermuteten, dass SAT einen irreversiblen Stress im 
endoplasmatischen Reticulum induzieren würde, was letztendlich zum Tod der Zelle führen 
würde. Allerdings konnte ein direkter Mechanismus dieses Prozesses nicht gezeigt werden. 
Wir vermuten, dass SAT als ein Viroporin funktioniert - eine Klasse von viralen 
Transmembranproteinen, die oligomerisieren und Poren in Membranen bilden. Wir 
konnten zeigen, dass SAT an die Plasmamembran transportiert wird, dort in Multimere 
oligomerisiert und die Plasmamembran durchlässig für das kleine Molekül Hygromycin B 
macht. Eine Computersimulation bestätigte die Oligomerisierung von SAT in symmetrische 
Komplexe. Allerdings wurden keine poren-ähnlichen Strukturen beobachtet. Eine erhöhte 
Permeabilität für Calcium- und Natriumionen, wie sie bei anderen Viroporine oft 







Um die lytische Kapazität von MVMp zu erhöhen, entwickelten wir das SUPER Virus. Die 
Position von SAT wurde im Genom von SUPER verändert, um die Translation von SAT 
zu erhöhen. Wir konnten zeigen, dass die Translation von SAT im SUPER Virus erhöht 
war, was zu einer beschleunigten Lyse der Zellen führte. Allerdings war die Produktion des 
Virus nicht sehr effizient. Um die Produktion von SUPER zu verbessern, wurden shRNA-
Konstrukte angefertigt, um einen knockdown von SAT hervorzurufen. Obwohl die 
Produktion von SAT dadurch verringert wurde, konnte dieser Ansatz die Produktion des 
Virus nicht verbessern. Nichtsdestotrotz könnte das SUPER Virus ein vielversprechender 
Kandidat für die Therapie mit onkolytischen Parvoviren sein. Wir vermuten, dass das 
gesteigerte lytische Potential eine effizientere Freisetzung von Tumorantigenen zur Folge 
hat, verglichen mit dem lytischen Potential des wildtypischen Virus. Die freigesetzten 
Tumorantigene könnten Zellen des Immunsystem, wie dendritische Zellen und zytotoxische 
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1.1 Features of oncolytic viruses 
Early in the 20th century observations were made that tumors of patients shrank in size 
when the patients were coincidentally infected with measles virus at the same time. This 
oncolytic effect was also seen for many other viruses such as vaccinia virus or Newcastle 
disease virus. Many experiments and clinical trials followed in which viruses were tested for 
their potential to eradicate tumors. Such efforts often led to success in treated patients, but 
remissions were still common (Kuruppu and Tanabe, 2005). Today, oncolytic virology is 
still a dynamic field of research. About ten different viruses are currently investigated in 
clinical trials regarding their oncolytic activities. These include Reovirus, Vaccinia virus and 
also parvovirus H1 (Kuruppu and Tanabe, 2005; Marchini et al., 2015). An attenuated 
herpesvirus expressing the granulocyte-macrophage stimulating factor (GM-CSF), under the 
name Talimogene Laherparepvec (T-VEC), was recently approved by the Food and Drug 
Administration (FDA). In clinical trials with patients suffering from melanoma T-VEC 
proved to be safe and the treatment provoked a minor increase in the median overall 
survival (Andtbacka et al., 2015).  
 
The mechanisms by which oncolytic viruses are able to lyse cancer cells are different. Some 
oncolytic viruses express toxic proteins, others are harmful to the cell due to their excessive 
viral replication which drains energy supplies and metabolic resources from the cell. 
Additionally, tumor cells often have defects in their innate immune system which includes 
deficiencies in antiviral defense mechanisms. This feature makes them perfect targets for 
oncolytic virotherapy. While healthy cells fight against viruses, transformed cells have partly 
lost this ability. Type I interferon (IFN), e.g., is a key regulator in defense mechanisms 
against viruses. In healthy cells type I IFN can induce apoptosis upon infection in order to 
inhibit the further spreading of the virus. Cancer cells, however, frequently express reduced 
amounts of type I IFN, which makes them susceptible to viral infections. This circumstance 
is an example how successful infections with oncolytic viruses are restricted to cancer cells 
sparing out healthy cell.  
 
Oncolytic viruses can also be modified to specifically target cancer cells. For example, an 






(RGD) in its capsid. The RGD motif can bind to αvβ3 and αvβ5 receptors that are 
overexpressed on the cell surface of ovarian cancer cells (Jhawar et al., 2017). Another 
example of an engineered oncolytic virus is the herpes simplex virus rQNestin34.5. Here, 
the expression of a viral gene which is crucial for the viral life cycle was put under the 
control of a tumor-specific promoter in order to restrict a successful infection to cancer 
cells. This viral gene, called γ1 34.5, is important to inhibit an innate immune response of 
the infected cell which would otherwise induce the total shutoff of all protein synthesis 
leading to an abortive infection (Chou and Roizman, 1994). γ1 34.5 was put under the 
control of the nestin-specific promoter. Nestin is an intermediate filament and its promoter 
is especially active in malignant gliomas. This approach increases the selectivity for cancer 
cells (Kambara et al., 2005).  
 
Lysis of cancer cells by viruses often leads to the release of tumor-associated antigens that 
can be taken up and processed by cells of the adaptive immune system which leads to an 
activation of immune cells and an immunising effect against cancer cells (figure 1). This 
feature can be combined with antibodies against CTLA4 and PD1. CTLA4 and PD1 are 
membrane proteins that are involved in the downregulation of immune cells. Cancer cells 
are able to influence these proteins and to induce the downregulation of immune cells 
which would otherwise attack the cancer cells. Antibodies against CTLA4 and PD1 have the 
capability to block this mechanism of downregulation. A combination of T-VEC with these 
agents is already under investigation and countless other combinations with oncolytic 








Figure 1: Infection of a cancerous cell or a healthy cell with an oncolytic virus has two 
different outcomes. Healthy cells defend themselves against the virus or do not provide a 
beneficial environment for the viral replication. The cell usually survives an infection and 
the virus eventually disappears. Cancer cells often lack antiviral mechanisms and support the 
replication of an oncolytic viruses which leads to their lysis. Tumor antigens (green spheres) 
are released and taken up by cells of the immune system which leads to their activation. The 
acquired tumor-immunity helps to fight the cancer.  
 
Another important feature of oncolytic viruses is their ability to replicate in cancer cells and 
spread within a tumor. This feature is thought to allow oncolytic viruses to reach every 
single cancer cell within a patient even when the primarily injected viral dose only infected 
only a few cancer cells. Thereby, the progeny viruses are believed to reach distant 
metastases. However, it has to be considered that the adaptive immune system will 
recognises viral capsids during this process and produce antibodies against them which 
inhibits their spreading through the tissue (Kuruppu and Tanabe, 2005).  
 
1.2 What makes Parvovirus an oncolytic virus? 
The prototype minute virus of mice (MVMp) and H1 parvovirus can infect mice and rats, 
respectively. An infection of healthy human cells is usually abrogated since the replication of 
the virus is restricted. However, many human cancerous cell lines, which are originally 
derived from glioma, pancreatic cancer or colon cancer, are susceptible to an infection with 
parvovirus (Di Piazza et al., 2007; Josupeit et al., 2016; Marchini et al., 2015; Moehler et al., 
2001; Mousset et al., 1994). This is most likely due to their increased proliferative nature 






phase for its replicative cycle, but it is unable to drive the cell into S-phase. (Marchini et al., 
2015). A multitude of other factors that are overexpressed or activated in cancer cells also 
plays an important role when rodent parvoviruses infect human cancer cells. These factors 
include Ets and ATF transcription factors, Raf-1, and the proteins involved in the PDK1 
pathway (Angelova et al., 2015). Especially the PDK1 pathway was found to be an 
important regulator of the permissiveness for parvovirus. This pathway is usually stimulated 
by growth factor-receptors but was found to be constitutively activate in several cancer cell 
lines. Non-permissive healthy cell lines were shown to become permissive for parvoviral 
infection when they expressed constitutively active PDK1. The PDK1 pathway was found 
to be important for the phosphorylation and regulation of the parvoviral non-structural 
protein 1 (NS1) which is one of the most important key players in the viral life cycle (Bär et 
al., 2015).  
 
The role of the innate immune system in a parvoviral infection is unclear. In mouse cells an 
infection with parvovirus led to the induction of a type I IFN  response (Grekova et al., 
2010a). In healthy and cancerous human cells, however, this defense mechanism did not 
play a role in the antiviral defense against parvovirus (Paglino et al., 2014). Various hints 
were found that the activation of the adaptive immune system plays one of the most 
important roles in the oncolytic therapy with parvovirus. Tumor-bearing mice, that survived 
a treatment with parvovirus MVMp, developed an immunity against a second implantation 
of the tumor (Grekova et al., 2012). Such an immunity could also be observed when 
splenocytes of tumor-bearing and H1-treated rats were transferred to tumor-bearing, mock-
treated mice. The recipient rats showed an increased survival compared to rats that received 
splenocytes of mock-treated tumor-bearing rats (Grekova et al., 2010b). Furthermore, 
Grekova and coworkers observed an improvement of the parvoviral oncolytic activity in 
tumor-bearing rats when interferon γ, an activator of T-cells, was additionally applied 
(Grekova et al., 2011). These results point to a strong involvement of the adaptive immune 
system in the oncolytic therapy. The release of tumor-antigens from parvovirus-infected 
cancer cells seems to activate immune cells and targets their killing activity against non-
infected tumor cells. Moehler and coworkers could show that tumor cell lysates of H1-
infected cancer cells induced the maturation of dendritic cells. The activated dendritic cells 
cross-presented tumor antigens to cytotoxic T-cells and released proinflammatory cytokines 
(Moehler et al., 2005). Additionally, parvovirus can be genetically modified to express 






tumor-bearing mice. Here, activated lymphocytes, expressing IFNγ were found within 
tumors that were previously infected with IP-10-expressing parvovirus. However, such 
modifications of the viral genomes often require the deletion of capsid genes since the 
genome of parvovirus does not allow any incorporation of additional genes. Therefore, 
these recombinant viruses are unable to produce progeny particles by their own. For their 
production they depend on a helper construct that expressed the required capsid protein 
(Giese et al., 2002).  
 
Rommelaere and coworkers started a phase I/IIa clinical trial with parvovirus H1 on 
patients with recurrent glioblastoma. The outcome of the trial confirmed that the treatment 
with parvovirus is safe for the patients and the treatment had a beneficial effect on the 
progression-free survival and overall survival of patients. Furthermore, it was shown that 
immune cells were activated and recruited to the tumor. The largest populations of immune 
cells were CD4- and CD8-positive T-cells. The tumor-infiltrating T-cells expressed 
granzyme B and perforin - two markers for the cytotoxic potential of the T-cells. 
Additionally, the immunostimulatory cytokines interferon-γ (IFN-γ) and interleukin (IL)-2 
were detected. These findings underscore the importance of the involvement of the 
immune system in the outcome of the therapy. Furthermore, during the clinical study a 
seroconversion was observed, which is suspected to have negative effects on the spreading 
of the virus within the tumor and within the body which might inhibit the virus to reach 
distant metastases (Geletneky et al., 2017). However, this limitation might be overcome by 
pseudotyping of the capsid. 
 
1.3 Basic features of parvovirus 
The minute virus of mice belongs to the family of autonomous parvoviruses. These non-
enveloped, small viruses have a capsid diameter of about 25 nm and a single-stranded DNA 
genome with a length of about 5100 bps (Astell et al., 1983; Cotmore and Tattersall, 2007). 
The prototype strain of MVM (MVMp) infects mouse fibroblasts and the 
immunosuppressive strain (MVMi) replicates in mouse T-lymphocytes and hematopoietic 
precursors which can cause severe combined immunodeficiency syndrome (SCID) in mice 
(Brownstein et al., 1991; Brownstein et al., 1992; Tattersall and Bratton, 1983). Other 
members of the family of autonomous parvoviruses comprise canine parvovirus (CPV), 






Cutavirus. Autonomous parvoviruses are related to adeno-associated viruses (AAV). 
However, AAVs are dependent on the co-infection with a helper virus such as adenovirus, 
whereas autonomous parvoviruses replicate independently (Cotmore and Tattersall, 2007). 
Another group of parvoviruses, the Densovirinae, infect insect cells. Figure 2 shows a 
phylogenetic tree of the family of Parvoviridae based on the amino acids of the non-structural 








Figure 2: Phylogenetic tree of the family Parvoviridae based on their NS1 protein. The tree 
was constructed with the programs included in the Phylip package at the 
http://mobyle.pasteur.fr/cgi-bin/portal.py website (ClustalW-multialign, Phylip distance 
matrix, PROTDIST, Neighbor-Joining method, and phylogenetic tree drawing). The 
percentage of replicate trees in which the associated taxa clustered together in the bootstrap 
test (1000 replicates) are shown next to the branches. The scale bar represents the rate of 
amino acid substitutions. (https://talk.ictvonline.org/ictv-reports/ictv_9th_report/ssdna-viruses-
2011/w/ssdna_viruses/152/parvoviridae-figures) 
 
Infections with most autonomous parvoviruses cause gastrointestinal problems such as 
gastroenteritis or anorexia. But also reproductive failure and embryonic death was 
documented after infection with porcine parvovirus (Johnson and Dudleenamjil, 2011). 
Since parvovirus depends on proliferating cells, constantly growing tissues such as the gut 
or embryonic tissue represent the ideal environment for the virus. Organisms that are 






subsequent infection of healthy organisms occurs via the oronasal route (Cotmore and 
Tattersall, 2007).  
 
The three human protoparvoviruses bufavirus (BuV), tusavirus (TuV) and cutavirus (CuV) 
were discovered in the last six years in fecal samples of children and are suspected to cause 
gastrointestinal problems such as diarrhea. CuV was also found in one sample of skin 
melanoma and in skin samples of patients with cutaneous T-cell lymphoma. It is currently 
under investigation whether there is a causative relationship between the CuV infection and 
the formation of cancer (Väisänen et al., 2017).   
 
The basic life cycle of parvovirus is depicted in figure 3 and discussed in more detail in 
chapter 1.6 “Stages of the parvoviral life cycle”. As a first step the non-enveloped virus 
binds to a cell surface receptor and is taken up in intracellular vesicles which are transported 
to the endosome. With the help of an enzymatic activity the virus escapes the endosome 
and is subsequently transported to the nucleus. The genome is released, converted to a 
double stranded DNA molecule and replicated. The newly synthesised single-stranded 
genomes are packaged within the nucleus into assembled empty capsids. The full capsids are 









Figure 3: Basic infectious cycle of parvovirus. The virus binds at a cell surface receptor and 
enters the cell via receptor-mediated endocytosis. It is transported to the endosome, from 
which it escapes and is transported to the nucleus. The genome is released in the nucleus, 
converted to its active form and is replicated. Newly-synthesised genomes are packaged into 
empty capsids and the full progeny viruses are transported to the cytoplasm. As soon as the 
plasma membrane is broken down the progeny viruses are released from the cell. 
 
1.4 The parvoviral capsid 
The capsid of parvovirus is a non-enveloped icosahedric particle with a diameter of about 
25 nm. 60 copies of the capsid proteins VP1 and VP2 interlock with each other to make up 
one capsid with a T-number of 1 (Cotmore and Tattersall, 2014). The molar ratio of VP1 
and VP2 for one particle is about 1:10, respectively. It has a three-fold, two-fold, and five-
fold symmetry axis (figure 4). With its small and rugged nature, the parvoviral capsid is very 
persistent to environmental stresses and can retain its infectivity for up to five months 
outside the host's body (Gordon and Angrick, 1986). Three-dimensional capsid structures 






Chapman, 1996; Tsao et al., 1991), feline parvovirus (FPV) (Agbandje et al., 1993), H1 
(Halder et al., 2013) and MVM (Llamas-Saiz et al., 1997). These structures share three main 
characteristics that are involved in the binding and tropism of the virus to its receptor: (i) a 
spike-like elevation at the three-fold axis, (ii) a depression at the two-fold axis, (iii) a 
cylindrical projection at the five-fold axis. The projections at the five-fold axis form a pore 
that is used to transfer the viral DNA inside and outside the capsid (Cotmore and Tattersall, 
2014). During the binding of the capsid to its cell surface receptor sialic acid which is 
frequently attached to various membrane proteins, was found to interact with residues near 
the two-fold axis of symmetry. Small changes in this area have been shown to change the 
tropism of the virus. For example, Marchini and coworkers altered residues in this area of 
the capsid of the H1 parvovirus which made it more affine to certain cancer cells (Allaume 
et al., 2012). Furthermore, in an experiment, in which H1 was allowed to freely adapt itself 
to a glioma cell line, changes in residues around the two-fold axis were observed which 
underscore the importance of this surface-area on the capsid. At the inner surface of a full 
particle various sites were found to make unspecific contacts to the viral DNA (Halder et 
al., 2013). These interactions are likely to be required for the viral capsid to adapt its final 
conformational shape.  
 
 
Figure 4: Molecular structure of the capsid of MVMi (Agbandje-McKenna et al., 1998). The 
colouring of the capsid is based on the distance of the respective point to the center of the 
capsid. The lighter the depicted colour, the greater the distance to the capsid´s center. The 








1.5 The genome of parvovirus 
When packaged into capsid particels the parvoviral genome is a negative sense, single-
stranded DNA molecule with a length of 5.1 kb (Crawford et al., 1969). The genome ends 
at both sides with double-stranded, palindromic sequences which form a rabbit-ear-like 
shape at the 3’-end (“left end”) and a t-shape on the 5’-end (“right end”). Theses sequences 
are important sites for the replication and the encapsidation of the genome (Bourguignon et 
al., 1976; Astell et al., 1983).  When the virus enters the cell, the single-stranded genome is 
released from the capsid and subsequently converted to its active double-stranded form 
which allows transcription of viral genes (Cotmore and Tattersall, 1987). For a better 
navigation, the viral genome can be subdivided in 100 equal segments. At segment 4 and 38 
promoter regions were found on the (+)strand. These promoters were termed P4 and P38 
promoter, respectively. The two promoters give rise to eight spliced transcripts: three forms 
of R1, three forms of R2, R3 and R3’. They are translated into the viral proteins non-
structural protein 1 (NS1), three isoforms of non-structural protein 2 (NS2-P, -L, and -Y), 
the capsid proteins VP2 and the non-structural protein SAT, and the capsid protein VP1, 
respectively. Polyadenylation signals are only found on the right-end side of the genome 
(Astell et al., 1983) (figure 5). The P4 promoter is stimulated early during infection by host 
factors such as E2F and ATF/CREB while the P38 promoter is activated late during 
infection by NS1. The replication of the viral genome is carried out in a mechanism that 
resembles the rolling-circle mechanism found in bacteriophages. For further details see 









Figure 5: The genome of parvovirus and the transcribed mRNAs. The viral genome is 
depicted at the top of the figure as a single-stranded molecule which is divided in 100 
regions. The two promoters are in region 4 and 38 and are termed P4 and P38, respectively. 
The four different transcripts, termed R1, R2, R3, R3’, are coloured according to their open 
reading frame (green: ORF 1, red: ORF 2, purple: ORF 3). All sequences end at the poly-
adenylation site at the right-end side of the genome (pA). The names of the translated 
proteins are given in brackets. 
 
1.6 Stages of the parvoviral life cycle 
1.6.1 Cell entry 
Summarised, the parvoviral particle enters the cell by the following pathway: The non-
enveloped capsid enters the cell through receptor-mediated endocytosis and is subsequently 
transported to the endosome. Through conformational changes and an enzymatic activity, 
the virus escapes the endosome in order to avoid lysosomal digestion. The capsid is then 
transported to the nucleus where the viral genome is released (figure 6). The detailed 









Figure 6: Entry mechanism of parvovirus. 1.) The virus binds to an unknown cell surface 
receptor. 2.) The virus-receptor complex is taken up in a clathrin-coated vesicle via 
receptor-mediated endocytosis. 3.) The vesicle loses the clathrin coat (black sticks) and is 
transported to the endosome. 4.) The acidic environment of the endosome induces a 
conformational change in the capsid that leads to the externalisation of the N-terminal 
domain (purple) of the capsid protein VP1. This domain harbours an enzymatic domain 
that cleaves the endosomal membrane. 5.) The virus escapes the endosome and is 
transported to the nucleus. 6.) The viral genome (orange) is released from the capsid. 
 
The capsids of CPV and FPV were found to bind to the cell surface receptor transferrin 
(Parker et al., 2001) which is only expressed on proliferating cells such as cells of the 
intestinal wall or of the hematopoietic system (Trowbridge and Omary, 1981). Since 
parvoviruses can only replicate in proliferating cells, the binding of the capsid to the cell-
receptor represents a first selective step for parvovirus in order to enter susceptible cells 
only. For MVMp and H1 the cell surface receptor is not known. However, sialic acid was 
shown to play an important role for the cell-attachment of many parvoviruses including 
MVMp and H1. Sialic acid is a sugar moiety, which is frequently found on cell surface 
proteins, and it was shown to interact with the parvoviral capsid at the capsid´s depression 
at the two-fold axis of symmetry. Removing sialic acid from the cell surface by 
neuraminidase inhibits the uptake of parvoviral particles (López-Bueno et al., 2006).  
 
Following binding to its receptor, the virus/receptor-complex is internalised in clathrin-
coated pits (Linser et al., 1979; Parker and Parrish, 2000) which are transported on 
microtubules to eventually reach the late endosome (Vihinen-Ranta et al., 1998). The low 
pH of the endosome triggers conformational changes that allow the N-terminal domain of 






occurs through the pore at the five-fold axis of symmetry. The VP1 N-terminal domain 
harbours a phospholipase A2 (PLA2) motif that is similar to cellular phospholipases and has 
the ability to attack the endosomal membrane from the inside to induce the formation of 
small holes. The virus escapes the endosome through these holes and is released into the 
cytoplasm (Cotmore et al., 1999; Dennis, 1997; Mani et al., 2006; Suikkanen et al., 2003b; 
Zádori et al., 2001). In addition to the PLA2 motif, the externalised N-terminal domain of 
VP1 carries a nuclear localisation signal (NLS). Together with a structural nuclear 
localisation motif that can be found on the surface of the capsid both signals promote the 
nuclear transport of the capsid along microtubules with the help of the motor protein 
dynein (Lombardo et al., 2000; Lombardo et al., 2002; Suikkanen et al., 2003a; Vihinen-
Ranta et al., 2000).  
 
Whether the full capsid or only the viral genome translocates through the nuclear pore is 
not known. Porwal and coworkers suggested that parvovirus induces a nuclear envelope 
breakdown in order to enter the nucleus. However, in this study extremely large amounts of 
parvoviral particles of up to 1000 particles per cell were used which makes it questionable if 
these findings reflect the natural processes when a single virus infects a cell (Porwal et al., 
2013). When the genome is finally supposed to be decapsidated, the viral DNA is thought 
to leave the capsid through the pore at the five-fold axis of symmetry (see chapter 1.4 “The 
parvoviral capsid”) (Cotmore and Tattersall, 2012). 
 
1.6.2 The replication process 
The parvoviral replication takes place in the nucleus and the whole replication process 
strongly depends on cellular factors that are only present during S-phase of the cell cycle 
(Siegl, 1984; Spalholz and Tattersall, 1983; Tattersall 1978). However, parvovirus is not able 
to induce the onset of the S-phase. In fact, the viral genome is suggested to stay inside its 
capsid until the cell progresses into S-phase. Once decapsidated the single-stranded DNA 
genome is converted by the host cell replication machinery into the replicative double-
stranded DNA form. The free 3’-end of the double-stranded left hairpin serves as a primer 
for this process (Cotmore and Tattersall, 2014). The conversion was shown to depend on 
the presence of the cell cycle complex cyclin A/CDK2 that is only present during the S-
phase (Bashir et al., 2000). After conversion of the genome to the double-stranded active 
form, the P4 promoter is stimulated by E2F, ATF/CREB, ETS and NF-Y – cellular factors 






subsequent production of NS1 is crucial since it acts as an orchestrator for the parvoviral 
replication process.  
 
The replication is carried out in a rolling hairpin replication that is similar to the rolling 
circle replication. In a first step NS1 binds to the [ACCA]2 motif in the 3’-origin of 
replication (3’ori) of the genome (Cotmore et al., 1995; Rhode and Richard, 1987). Here, it 
induces a single-stranded nick in the DNA, which simultaneously binds NS1 covalently to 
the 5’-end of the DNA via its amino acid residue Y210 (Cotmore and Tattersall, 1994; 
Cotmore and Tattersall, 2014). The free 3’-end of the DNA is used as a primer to start 
replication by DNA-polymerase δ in a unidirectional fork. The (-) strand is used as a 
template and the (+) strand is displaced (Cotmore and Tattersall, 2014). In order to conduct 
the replication process, NS1 binds to proteins of the replication machinery such as 
replication protein A (RPA) 1-3 and these interactions are thought to sequester whole 
replication complexes to the parvoviral genome (Christensen and Tattersall, 2002). During 
the viral replication NS1 acts as a helicase by forming a homo-oligomer, which is believed 
to form a ring-like structure resembling a helicase that wraps around the DNA. A similar 
homo-oligomer is the large T antigen of SV40 (Li and Rhode, 1990; Pujol et al., 1997; 
Wilson et al., 1991).  
 
When the polymerase reaches the right-end hairpin, NS1 melts down the hairpin and the 
polymerase replicates the stretched-out sequence till the end of the genome. Next, NS1 
reassembles the double-stranded hairpin and the polymerase uses the newly synthesised 
(+)strand to continue the replication while displacing the (-)strand (Willwand et al., 2002). 
The hairpin serves as a hinge to send the polymerase back on the newly synthesised strand. 
Once the left end is reached the hairpin is stretched out and the polymerase continues till 
the end. This process then continues for multiple rounds leading to concatemeric DNA 
species. Later the complexes are resolved in smaller units at the left-end hairpin. NS1 and 
parvoviral initiation factor (PIF) are involved in this process by inducing a nick at this site 
(Christensen et al., 2001; Cotmore and Tattersall, 2003) (figure 7). The different 
concatemeric DNA species can be experimentally visualised by a Southern blot using a 
radioactive probe against a short sequence taken from the NS1 gene. In the Southern blot 
the viral genome is visualised in a monomeric, dimeric and tetrameric form as well as 
oligomers of higher order. Additionally, the single-stranded form of the genome can be seen 






viruses contain the single-stranded form of the genome (see chapter 1.6.3 “Packaging of 
genomes and release of progeny viruses”).  
 
 
Figure 7: Conversion and replication of parvovirus (Cotmore, and Tattersall, 2014). The 
left-end and right-end sides are marked with and L/l or an R/r. i.) The single-stranded 
genome is converted into a double-stranded form. ii and iii.) The replication starts at the 
right-end side of the genome. The (+)strand (white strand) is displaced while the (-)strand 
(blue strand) is used as a template. The full sequence is replicated until the end of the 
genome. iv and v.) The right hairpin is formed and directs the replication back on the 
newly-synthesised strand thereby displacing the (-)strand. vi.) The replication machinery 
replicates the left-end side of the genome and continues until the right-end side is reached. 
Here, steps iii to vi can be repeated. viii.) The replication process leads to the development 
of concatemeric DNA species. 
 
The parvoviral replication takes place in so-called autonomous parvovirus-associated 
replication (APAR) bodies. These nuclear aggregations of protein and viral DNA include 
viral proteins such as NS1, and proteins of the cellular replication machinery such as RPA, 
PCNA, DNA polymerase α and δ, and cyclin A (Bashir et al., 2000; Christensen and 
Tattersall, 2002). Over time these centers grow in size and incorporate viral capsid proteins 
for the production of progeny viruses. It was also found that factors of the DNA damage 
response (DDR) such as γH2AX, Nbs, Ataxia Telangiectasia Mutated (ATM), accumulate in 
the APAR bodies. The DDR is a molecular protection system that is able to repair lesions 
of the DNA which were introduced by a faulty DNA replication or damaging factors such 






induced by the terminal hairpins of the parvoviral genome and has a stimulating and 
accelerating effect on the parvoviral replication. Other reports belief that NS1 introduces 
unspecific nicks in the host genome which trigger the DDR. The precise role of the DDR, 
however, is not fully understood. The ATM pathway was found activated in infected cells 
and its inhibition had severe negative effects on the viral replication. However, the exact 
mechanism, how these responses help the virus to replicate, is largely unclear (Adeyemi et 
al., 2010; Cotmore and Tattersall, 2013). The DDR and NS1 were found to induce a cell 
cycle arrest that is crucial for the replication of the viral genome (Adeyemi and Pintel, 2012; 
Op De Beeck et al., 1995). In this context it was also found that p53 - an important 
regulator of the cell cycle - was activated during infection, but its downstream target p21 
was surprisingly degraded by the proteasome (Adeyemi and Pintel, 2012). p21 is usually 
involved in the processes of cell cycle arrest. However, the observed cell cycle arrest is 
suggested to be rather the result of a two-step process: First, the serine/threonine kinase 
Chk2 is activated during an infection with MVMp which is accompanied by a proteasomal 
degradation of the cell cycle protein CDC25A. Second, cyclin B1 is depleted and in 
consequence cyclin B1-CDK1 complexes cannot form which inhibits the entry of the cell 
cycle into mitosis. These processes induce a pre-mitotic, pseudo-S-phase state which 
represents an ideal environment for the parvoviral replication since all the factors, that are 
required for replication, are present (Adeyemi and Pintel, 2014).  
 
 
1.6.3 Packaging of genomes and release of progeny viruses 
At the end of the infectious cycle empty capsid shells are assembled and the viral DNA is 
packaged into them. This process is orchestrated by NS1 which transfers a (-)single-
stranded copy of the viral genome into the capsid. The exact mechanism of this transfer is 
not known and a direct interaction between NS1 with the capsid has not been reported. 
During the transfer NS1 is attached to the 5’-end of the genome but does not enter the 
capsid. It rather stays attached to the genome outside of the capsid and is cleaved off later 
by a protease or a DNase which cuts the DNA to which NS1 is attached to. Its presence at 
the fully assembled particle is not necessary regarding the infectivity of the virus (Cotmore 
and Tattersall, 1989).  
 
Once the viral genomes are loaded into the capsids the full particles exit the nucleus 






N-terminal part of VP2 which adopts a different conformation in the full capsids compared 
to the empty capsids. This conformational change allows for the interaction between full 
capsids with the nuclear export machinery (Maroto et al., 2004). The full particles stay in the 
cytoplasm as long as the plasma membrane stays intact. Once the plasma membrane is 
broken down the progeny viruses are released to the outside.  
 
Baer and coworkers suggested that progeny virions are transferred into the endoplasmic 
reticulum (ER) after their translocation from the nucleus to the cytoplasm. However, a 
direct transport mechanism of the virions into the lumen of the ER was not shown and it is 
questionable if a whole capsid is able to cross the ER membrane. It was suggested that the 
virions were further transported in vesicles from the ER to the Golgi and finally released at 
the plasma membrane which was assumed to induce the lysis of the infected cell. It was 
shown that interfering with important regulators of this vesicular transportation pathway 
such as Sar1, Sec24, Rab11 or Rab1 strongly reduced the lysis of infected cells and the 
release of progeny viruses. Furthermore, this interference had a negative effect on the 
infectivity of the produced progeny viruses (Bär et al., 2013). However, a direct mechanism 
of the disintegration of the plasma membrane remained elusive. In our current study we 
focused on this process of lysis and the release of progeny viruses from the cell. The SAT 








1.7 The parvoviral proteins 
 
 
Figure 8: The mRNAs of the parvoviral proteins: NS1, three isoforms of NS2 (NS2P, 
NS2L, NS2Y), VP1, VP2 and SAT. 
 
1.7.1 NS1 
A huge amount of research has been conducted on NS1 which makes it the most studied 
parvoviral factor. In this report I am listing the most important features of NS1. Its 
functions during replication were already outlined in the chapter 1.6.2 “The replication 
process”. For a detailed insight into NS1 I refer to the review “Tumor Suppressing 
Properties of Rodent Parvovirus NS1 Proteins and Their Derivatives” (Nüesch and 
Rommelaere, 2014) and to the book “Parvoviruses” (Kerr et. al, 2006).  
 
The 83-kDa multifunctional NS1 protein is expressed under the control of the P4 promoter 
and is mainly localised in the nucleus due to a nuclear localisation sequence (NLS) (Cotmore 
and Tattersall, 1986a; Legendre and Rommelaere, 1994; Nüesch and Tattersall, 1993). Its 
main functions are the replication of the viral genome and the transactivation of the P38 
promoter (Doerig et al., 1988; Rhode, 1985). To fulfill these tasks NS1 interacts with cellular 
factors such as CKIIα (Nüesch and Rommelaere, 2007) and exerts helicase, ATPase and 






of the PKC family (Nüesch et al., 2003; Nüesch et al., 2012) and via acetylation (Li et al., 
2013). A schematic overview of NS1 and its domain structure is shown in figure 9.  
 
  
Figure 9: Domain structure of NS1. The NS1 protein contains different domains that fulfill 
various functions. The vertical bars indicate the region of the respective function. 
 
1.7.1.1 NS1 regulates the transcription of P38 
NS1 was found to drastically induce the activity of the P38 promoter which has usually a 
low basal activity (Ahn et al., 1992). NS1 binds to the P38 promoter at an NS1-interactive 
element ([ACCA]2), called tar-element which is similar to the element found in the 
parvoviral 3’ori. ATP is required for this binding process (Christensen et al., 1995). In close 
proximity to the tar-element an Sp1-binding site was found at which the transcription factor 
Sp1 binds to and interacts with NS1. Additionally, NS1 was found to directly interact with 
two further members of the general transcription machinery, TFIIA (ɑβ) and TBP. The 
assembled complex then initiates the transcription of the R3 and R3’ transcripts (Krady and 
Ward, 1995; Lorson et al., 1998).  
 
1.7.1.2 Cytotoxic functions of NS1 
Besides its functions in replication and transcription various reports observed cytotoxic 
properties of NS1.  
 
The expression of NS1 was shown to induce a cell cycle arrest at the G2 phase (Op De 
Beeck et al., 1995). Such an effect might be caused by the nicking activity of NS1. Nicks in 






replication of the host genome (Op De Beeck and Caillet-Fauquet, 1997). In this context 
the interaction of NS1 with RPA 1-3 was suggested to sequester a significant amount of 
replication complexes from the host genome. This rearrangement was thought to disturb 
the replication of the host genome (Christensen and Tattersall, 2002). The long-term 
expression of NS1 also led to an increase in the intracellular concentration of reactive 
oxygen species (ROS) and subsequent cell death (Hristov et al., 2010). However, a direct 
mechanism of how NS1 induces the increase of ROS could not be shown. NS1 was also 
shown to be involved in the disassembly of actin and tropomyosin fibers (Nüesch and 
Rommelaere, 2007; Nüesch et al., 2005). The expression of NS1 was associated with 
apoptosis, lysosomal cell death and necrosis depending on the cellular system used. Direct 




The NS2 protein shares the same N-terminal domain with NS1 (Cotmore and Tattersall, 
1986b). However, its function is still elusive.  
 
Three different isoforms of NS2 were found, termed NS2L, NS2Y, NS2P which are 
produced by alternative splicing and differ in their C-terminal ending. All three isoforms 
mainly reside in the cytoplasm but can also be found in the nucleus. NS2 interacts with the 
nuclear export factor Crm1 and this interaction was suggested to be involved in the export 
of progeny viruses from the nucleus to the cytoplasm (Eichwald et al., 2002; Ohshima et al., 
1999). NS2 was also thought to be involved in viral replication and assembly of capsids (Li 
and Rhode, 1991; Naeger et al., 1990). However, in some transformed cell lines NS2 was 
not required for the viral life cycle (Naeger et al., 1990). Despite its elusive function it 
should be mentioned that NS2 accumulates three times faster than NS1 but also has a 
higher turnover-rate than NS1 (Cotmore and Tattersall, 1990). 
 
1.7.3 The capsid proteins 
The expression of capsid proteins is regulated by the P38 promoter that is activated by NS1 
late during infection (Cotmore and Tattersall, 1990). There are three types of capsid 
proteins VP1, VP2, and VP3 that share a large common C-terminal part. VP1 and VP2 are 






the nuclear transport of VP1 and VP2, the proteins assemble into trimers (Lombardo et al., 
2000). Nuclear localisation signals then coordinate their translocation to the nucleus 
(Lombardo et al., 2002; Vihinen-Ranta et al., 1997). The capsid-trimers are then assembled 
into empty particles consisting of about ten copies of VP1 and 50 copies of VP2 (Tattersall 
et al., 1977). Later NS1 transfers the viral genome into the capsid through the particle's pore 
at the five-fold axis of symmetry (Plevka et al., 2011). Post assembly a small part of the N-
terminus of VP2 is cleaved off which can happen inside the host cell, outside in the medium 
or in the cell that is infected next. The remaining C-terminal part is termed VP3 (Tattersall 
et al., 1976; Tattersall et al., 1977). 
 
1.7.4 SAT 
The SAT protein was unknown for a long period of parvoviral research. 2009 Zádori and 
coworkers discovered the short SAT gene which is expressed under control of the late P38 
promoter (Zádori et al., 2005). The SAT gene is located in the coding region of VP2 but in 
an alternative reading frame. Both proteins VP2 and SAT are translated from the same 
mRNA. This is possible through leaky scanning of the ribosome. Leaky scanning is a 
mechanism in which a single mRNA molecule contains two start codons of AUG that are 
separated only by a few bases. If the first AUG is located in a suboptimal Kozak sequence 
(PNNAUGG, where P is a purine and N is any nucelotide) it is sometimes skipped during 
mRNA-scanning of the ribosome and the following nearby AUG is used as the initiation of 
translation (Kozak, 2002; Kozak, 1995). The initiation site of VP2 is embedded in a 
suboptimal Kozak sequence which makes it possible for the ribosome to start translation at 
the nearby AUG of the SAT gene. Hence, the protein sequence of SAT completely differs 
from VP2. It should be mentioned that leaky scanning is not a sloppy mechanism as the 
name might suggest. It is rather a well-calculated strategy to regulate gene expression when 
the amount of coding material is restricted which is the case for many viral genomes.  
 
The SAT protein of MVMp is 58 amino acids long and harbours a single pass ɑ-helical 
transmembrane domain. In PPV the protein was found in the ER. Mészáros and coworkers 
discovered that a knockout of SAT in the genome of PPV strongly inhibited the lysis of 
infected cells. They suggested that SAT induced an ER-stress which finally led to the lysis of 
PPV-infected cells. They could show that the ER-stress marker CCAAT/-enhancer-binding 
protein homologous protein (CHOP) translocated into the nucleus in wt-infected cells but 






Nuclear translocation of CHOP is associated with the induction of apoptosis. However, a 
direct mechanism of these processes has not yet been found for the SAT protein. 
Therefore, it is not clear in which way SAT directly induced the ER-stress response 
(Mészáros et al., 2017).  
 
1.8 Viroporins  
This work concentrates on the parvoviral protein SAT and we hypothesise that it has 
viroporin-like features. In this chapter features of viroporins are described.  
 
In 1978 researchers observed that cells infected with EMC virus, Semliki Forest virus or 
Mengo virus became permeable at their plasma membrane to the small molecule 
GppCH2p. It was not known which viral factor increased the permeability of the plasma 
membrane (Carrasco, 1978). Today we know that viroporins are the cause for this 
observation. Viroporins are expressed by many different viruses such as HCV, Ebola virus, 
HIV, or JC polyomavirus. These proteins are typically short and have one or two 
transmembrane domains. Upon expression they localise to various membranes such as the 
plasma membrane (Madan et al., 2007; Suzuki et al., 2010), the endosome (Zebedee and 
Lamb, 1988), the endoplasmic reticulum (Hussain et al., 2007) or the viral envelope 
(Zebedee and Lamb, 1988) and fulfill various functions. Viroporins homo-oligomerise 
within these membranes and form pores that are permeable to small molecules such as ions 








Figure 10: Formation of viroporins. 1.) The transmembrane helix of a monomeric viroporin 
protein homo-oligomerises to parallel bundles to form a pore. 2.) The pore allows the 
passage of small molecules that are otherwise impermeable to the membrane. 
 
The function of viroporins cannot be generalised for all viruses since viroporins of different 
viruses take influence in many different steps of the viral life cycle (Nieva et al., 2012). The 
following paragraphs illustrate a few examples.  
 
p7 is the viroporin protein of HCV. It has two transmembrane domains that are linked with 
a short loop. p7 was found to equilibrate the H+ gradients of intracellular vesicles which was 
found to be an important step for the maturation of progeny viruses (Wozniak et al., 2010). 
It is also involved in the processing of the HCV polyprotein in the E2-p7-NS2 region and 
in the release of progeny virions (Steinmann et al., 2007). A computer simulation suggested 
that the pore is formed by six or seven monomers of p7 and that the diameter of the pore is 
about 6 Å (Chandler et al., 2012). Furthermore, p7 was shown to induce caspase-dependent 
apoptosis. This process was surprisingly independent of its ion channel activity. The exact 
mechanism still remains unclear.  
 
Rotavirus expresses the viroporin protein NSP4. This protein localises to the endoplasmic 
reticulum and disrupts the calcium gradient by its pore-forming activity. The influx of Ca2+ 
into the cytoplasm was found to be important for the replication of rotavirus as it is 
involved in the development of the viroplasm - the site of rotavirus replication (Sen et al., 







Matrixprotein 2 (M2) of influenza A virus is also a viroporin that is permeable to protons 
(Pinto et al., 1992). M2 oligomerises to a tetramer (Georgieva et al., 2015) and can be found 
in the envelope of the virions. When the virion enters the cell, it is transported to the 
endosome. Here, M2 is activated by the acidic milieu and allows protons to pass through 
the viral envelope inside the virion. This process leads to the dissociation of the viral 
genome from matrix proteins and to the fusion of the viral envelope with the endosomal 
membrane which releases the viral genome to the cytoplasm (Cady et al., 2009). However, 
Watanabe and coworkers state that M2 is not necessary for viral entry since a mutant 
influenza virus lacking a functional M2 was still able to replicate in cell culture (Watanabe et 
al., 2001). M2 was also found to be involved in the scission of newly formed virions from 
the plasma membrane where it localises to the necks of budding viral vesicles and induces 
the curving of the membrane (Rossman et al., 2010).  
 
The proteins of some viroporins are also able to interact with cellular factors. For example, 
Vpu, the viroporin protein of HIV, interacts with CD4 and tetherin. Both factors usually 
inhibit the release of progeny viruses from the cell surface. However, the interaction 
between Vpu and CD4 leads to the proteasomal degradation of newly formed CD4 (Binette 
et al., 2007; Magadán et al., 2010) and the interaction between Vpu and tetherin inactivates 
tetherin which would otherwise cause retention of progeny viruses at the cell surface to 
inhibit their release (McNatt et al., 2013; Neil et al., 2008).  
 
There are also inhibitors of viroporins. The small molecule amantadine can be used 
prophylactically against infections with influenza A. Amantadine binds inside the viral pore 
formed by M2. It inhibits the infection and the assembly of new progeny virions (Hay et al., 
1985). However, evolutionary mutations of specific residues in M2 help the virus to escape 
the inhibiting effects of the drug (Hay et al., 1986). Amantadine was also found to block the 
viral pore of p7 of HCV (Griffin et al., 2003). 
 
Some researchers analysed the structures of assembled viroporins by computer simulations 
(Chandler et al., 2012; Fischer, 2003; Shukla et al., 2015). Chandler and coworkers analysed 
the stability of various oligomers of p7 in different orientations over time within an artificial 
membrane (Chandler et al., 2012). These studies are often based on already existing NMR 






analyses. In this thesis we conducted a computer simulation of SAT. Crystal structures of 
SAT were not known, so the structure of the protein was predicted de novo.  
1.9 Aim of this work 
This thesis concentrates on the mechanism of cell lysis by the small virally-encoded protein 
SAT. The lytic, parvoviral mechanisms are still elusive and the investigation of these 
processes might help to improve and shape future strategies for oncolytic cancer treatment. 
We found SAT to be transported from the endoplasmic reticulum to the plasma membrane 
where it oligomerises to make the membrane permeable to the small molecule Hygromycin 
B. We suggest that SAT acts in a viroporin-like way to kill the cell. Furthermore, we could 
show that a recombinant viral genome that produces an increased amount of SAT is more 
potent in lysing cells compared to the wild type parvoviral genome. Such a “SUPER” virus 
might be used in the future for an improved oncolytic therapy with parvovirus.  
  
 




2 Material and Methods 
2.1 Material 
2.1.1 Cell lines 
● A9 cells, mouse fibroblasts (Tattersall and Bratton, 1983) 
● Human embryonic kidney cells 293 (HEK293T) (Pear et al., 1993) 
 
2.1.2 Bacterial strain 
E. coli “SURE” e14-(McrA-), Δ(mcrCB-hsdSMR-mrr) 171, endA1, supE44, thi-1, gyrA96, 
rel A1, lac, recB, recJ, sbsC, umuC:Tn5(Kanr), uvrC [F`proAB, laqIqZ ΔM15, Tn10(Tetr)]c 
(Stratagen, USA) 
 
2.1.3 Viral strands 
● MVMp wt 
● SAT-ko: MVMp with a knockout of SAT which carries two mutations in its genome 
(figure 11).  
 
Figure 11: The genome of SAT-ko carries two mutations. The genome area around the start 
site of VP2 and SAT is depicted. The translational start sites of VP2 and SAT are coloured 
in orange or blue, respectively. Mutations are depicted in red. The SAT-ko genome carries 
one mutation that eliminates the start codon of SAT and one additional mutation that 
induces a translation stop of SAT. 
 
 





● Acrylamide mix               Roth 
● Alkaline phosphatase                Roche 
● Bacto Agar                    BD 
● Digitonin                    Merck 
● Dimethylsulfoxid (DMSO)        SIGMA 
● Disuccinimidyl suberate (DSS)    Thermo Scientific 
● Dynabeads                      Thermo Scientific 
● Hoechst 33342 (nuclear stain)   Thermo Scientific 
● Midori Green                   Nippon Genetics 
● Nitrocellulose Blotting membrane 0.45 μm  Amersham 
● Perm/Wash buffer                BD 
● Photo-leucine                     Thermo Scientific 
● Pluronic F-127                   Thermo Scientific 
● Propidium iodide               Thermo Scientific 
● Proteinase Inhibitors               Roche 
● Proteinase inhibitors (complete Mini)  Roche 
● Radioactive methionine           PerkinElmer     
● Skim milk powder               Gerbu 
● Sodium Green Tetraacetate, cell permeant Thermo Scientific 
● TaqMan Universal PCR Master Mix 2x Applied Biosystem 
● TEMED                    Sigma 
● Triton X-100                   AppliChem 
● Tween 20                    AppliChem 
● Western Lightning Plus-ECL          Perkin Elmer   
 
2.1.5 Antibiotics 
● Ampicillin      Agilent Technologies 
● Hygromycin B     Thermo Scientific 
● Puromycin      Sigma 
 
 





● Alexa Fluor secondary antibodies      Thermo Scientific 
● GAPDH (365062)               Santa Cruz 
● GFP (NB600-308)               Novus Biological 
● HMGB1 (ab18256)               abcam 
● HRP coupled secondary antibodies      Promega 
● Myc mouse (9B11)               Cell Signaling 
● NS1-c                        Self-made antibody 
● V5 (2F11F7)                    Invitrogen 
 
2.1.7 Enzymes  
● EcoRI-HF                     NEB 
● EcoRV                     NEB 
● Neuraminidase                   Sigma 
● NotI                        NEB 
● Proteinase K                   Roche 
● Q5 2x Master PCR mix           NEB 
● SalI                        NEB 
● T4 ligase                    NEB 
● XhoI                         NEB 
 
2.1.8 Kits 
● BCA kit                    Thermo Scientific 
● Duolink                    Sigma 
● Lipofectamine 3000               Thermo Scientific 
● Megaprime kit                    Amersham 
● Plasmid Maxi Prep               Qiagen 
● Qiamp MiniElute Virus Spin Kit      Qiagen     
● QIAprep Spin Miniprep Kit           Qiagen 
● QIAquick Gel Extraction Kit           Qiagen 
 
 





2.1.9.1 Solutions for cell culture 
● 2X MEM                     Gibco 
● DMEM                     Gibco 
● DMEM without Mehtionine/leucine     Gibco 
● FCS                        Gibco 
● L-Glutamine                   Gibco 
● PBS (137 mM NaCl, 2.7 mM KCl, 8.1mM Na2HPO4, 1.15 mM KH2PO4, pH 7.3) 
● Penicillin-Streptomycin           Gibco 
● Trypsin-EDTA                   Gibco 
 
2.1.9.2 Other solutions 
● 2X PBS 
○ Solution 1: 16 g NaCl, 0.4 g KCl, 800 ml H2O; Solution 2: 1.33 g KH2PO4, 
0.62 g K2HPO4 x 3H2O, 200 ml H2O; mix solution 1 and solution 2 
● Digitonin buffer  
○ 50 mM Tris–HCl, pH 8.0,150 mM NaCl, and 5 mM EDTA, 1 % Digitonin, 
Proteinase inhibitors 
● HBSS  
○ 50 mM Hepes, 1.5 mM Na2HPO4 x 2 H2O, 280 mM NaCl, 10 mM KCl, 12 
mM D(+)Glucose, pH 7.05  
● Hirt extraction buffer  
○ 10 mM Tris/HCl pH 7.4, 10 mM EDTA pH 8.0, 0.6 % SDS 
● PBS-MK  
○ 137 mM NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4, 1.15 mM KH2PO4 pH 7.3, 
1 mM MgCl2 and 2.5 mM KCl 
● VTE 
○ 50 mM Tris/HCl, pH 8.7, 0.5 mM EDTA 
● RIPA buffer 
○ 150 mMNaCl, 10 mM Tris, 1 mM EDTA, 1 % [v/v] NP40, 0.5 % [w/v] 
Sodium deoxycholate, 0.1 % [w/v] SDS 
● Running buffer SDS Page 
○ 200 mM Glycin, 25 mM Tris, 0.1 % SDS 
 




● Western blot buffer 1  
○ 300 mM Tris, 20 % methanol 
● Western blot buffer 2  
○ 25 mM Tris, pH 10.4, 20 % methanol 
● Western blot buffer 3  
○ 40 mM Norleucine, 25 mM Tris 
● 10X SSC 
○ 1.5 M NaCl, 170 mM C6H5O7
3− 
● Hybridisation buffer 
○ 3x SSC, 1 % SDS, 10 x Denhardts Solution [50 x Denhardts Solution:  5 % 
BSA, 5 % Ficoll, 5 % Polyvinylpyrrolidone ad 500 ml H2O], 5 mM EDTA, 
100 ng/ml herring-sperm DNA 
● Neutralisation buffer 
○ 1.5 M NaCl, 0.5 M Tris/HCl pH 7.2, 1 mM EDTA 
● Denaturation buffer 
○ 1.5 M NaCl, 0.5 M NaOH 
● Washing buffer I 
○ 3 x SSC, 1 % SDS  
● Washing buffer II  
○ 0.3 x SSC, 1 % SDS 
● Hepes-buffered saline solution 
○ 156 mM NaCl, 2 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM Hepes, 
0.001 mM glycine and 15 mM glucose, pH 7.3 
● 0 Calcium (Calcium imaging) 
○ 156 mM NaCl, 2 mM KCl, 1 mM MgCl2, 15 mM glucose, 10 mM Hepes 
● Control (Calcium imaging) 
○ 156 mM NaCl, 2 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 15 mM glucose, 10 
mM Hepes 
● 10K (Calcium imaging) 




● pSar1-dn, pSar1-wt as described in Bär et al. 2013 (Bär et al., 2013) 
 




● pdBMVp (“pMVMwt”) as descibed in Kestler et al. 1999 (Kestler et al., 1999) 
● H1 helper (Kestler et al., 1999) 
● pGFP by addgene 
● pBS_UF3revYFP (pYFP) 
 
2.1.11 Primer 
2.1.11.1 RT-qPCR primer 
● Fw:    5’-GCGCGGCAGAATTCAAACT-3’ 
● Rev:    5’-CCACCTGGTTGAGCCATCAT-3’ 
● qPCR probe:   5’-6-FAM-ATGCAGCCAGACAGTTA-MGB-3’ 
 
2.1.11.2 Mutagenesis primer 
● pSUPER 

















● pMVM-V5-SAT-wt  
 











○ N5S_rev: GTTTCCGCTGTCAGGGAGGCTGGTG 
○ N5S_fw: CACCAGCCTCCCTGACAGCGGAAAC 
● SAT_KR48/49AA 
○ KR48/49AA_rev: GAATCTATAATGGCGGCGATTATCATAAG 
○ KR48/49AA_fw: CTTATGATAATCGCCGCCATTATAGATTC 
● SAT_GG31/35LL 
○ G3135L_fw: CTCTGCGTGCTAGCTCTGGCGCTGGTGGGGTTG 
○ G3135L_rev: CAACCCCACCAGCGCCAGAGCTAGCACCCCCAGAG 
● T23A 
○ T23A_fw: CAGAGCCTCCAGGGCGGCCAGCTGCTCGTTC 
○ T23A_rev: GAACGAGCAGCTGGCCGCCCTGGAGGCTCTG 
● E26A 
○ E26A_fw: GACGGCCCTGGCCGCTCTGG 







○ Fw. CTCTGGGGGTGGGGGCTGAAGCGGGGGTGGGGTTG 
○ Rev: CAACCCCACCCCCGCTTCAGCCCCCACCCCCAGAG 
● LVFLL38/39/40/41/42AAAAA 
○ Fw: GCTGCAGCCGCTGCCGGTCTTATGATAATC 
○ REV: GGCAGCGGCTGCAGCCCCCAGCCCCGCCAGAG 
● F40G 
○ F40G_fw: GTTGGTGGGCCTACTGGGTC 
 




○ F40G_rev: GACCCAGTAGGCCCACCAAC 
● M45G 
○ M45G_fw: CTGGGTCTTGGCATAATCAAAC 
○ M45G_rev: GTTTGATTATGCCAAGACCCAG 
● I46G 
○ I46G_fw: GTCTTATGGGCATCAAACGC 
○ I46G_rev: GCGTTTGATGCCCATAAGAC 




● W54G  
○ W45G_rev: AAAGTCGACCTACCCAGCCGTCACGCCAGAATC 
 
2.1.11.3 Primer for pNS1, pSAT, pMyc-SAT, pCFP 
● pNS1 
○ NS1_fw: AAAGCGGCCGCATGGCTGGAAATGCTTACTC 
○ NS1_rev: AAAGTCGACTTAGTCCAAGTTCAGCGGCTC 
● pSAT 
○ SAT_fw: AAAGCGGCCGCATGGCACCAGCCAACCTGAC 
○ SAT_rev: AAAGTCGACCTACCCAGCCGTCACCCAAG 
● pMyc-SAT 
○ MycSAT_fw:  
AAAGCGGCCGCATGGAACAAAAACTCATCTCAGAAGAGGATCT
GATGGCACCAGCCAACCTGACAG 
○ MycSAT_rev: AAAGTCGACCTACCCAGCCGTCACCCAAG 
● pSAT-Myc 





○ CFP_fw: AAAGCGGCCGCATGGTGAGCAAGGGCGAGGAG 
○ CFP_rev: AAAGTCGACCTACTTGTACAGCTCGTCCATG 
 





○ MycSAT_fw:  
AAAGCGGCCGCATGGACTACAAAGACGATGACGACAAGATGGC
ACCAGCCAACCTGACAG 
○ FlagSAT_rev: AAAGTCGACCTACCCAGCCGTCACCCAAG 
 
















2.1.12 Technical equipment 
● ECL Chemocam imager     INTAS 
● UV-table for crosslinking N 90 LW 366   Konrad Benda 
● RT-qPCR cycler: realplex 2, Mastercycler ep gradient S Eppendorf 
● Spectrophotometer ND-1000     NanoDrop  
● UV-Transilluminator Gel IX     INTAS 
● FACS Guava easyCyte4HT     Merck 
● Epifluorescent microscope BZ9000     Keyence  
● Confocal microscope      Leica TCS SP5 II 
● Cell Observer.Z1 (time lapse)     Zeiss 
 




● Ultracentrifuge, Optima LE-80K    Beckman 
  
● Diagnostic microscope slides 10 well 6.7 mm diameter Thermo Scientific 
● QuickSeal tube       Beckmann 
2.2 Methods 
2.2.1 Construction and production of plasmids 
2.2.1.1 Production of pSUPER, pMyc-SUPER, pMVM-Myc-SAT-wt, 
pMVM-V5-SAT-wt 
For the production of the DNA of pSUPER, pMyc-SUPER, pMVM-Myc-SAT-wt and 
pMVM-V5-SAT-wt chimeric PCRs were conducted. In this assay a mutation, deletion or 
insertion is inserted into an existing DNA sequence. The assay is depicted in figure 12. First, 
a left and a right PCR product are made with primers containing a mutation, deletion or 
insertion. These two products are mixed together and a second PCR is conducted yielding 
the final PCR product.  
 
 
Figure 12: Schematic overview over a chimeric PCR. Blue stars indicate mutations.  
 
The left PCR product was produced using the SUPER_left_fw primer and the SUPER_rev, 
Myc-SUPER_rev, Myc-wt_rev or V5-wt_rev primer. For the right PCR product the 
SUPER_right_rev primer together with the SUPER_fw, Myc-SUPER_fw, Myc-wt_fw or 
V5-wt_fw primer were used. The pMVMwt plasmid containing the whole MVMp genome 
 




was used as a template. Primers, template and the 2X Q5 Master mix were mixed and the 
PCR program was started. The following list shows the used volumes of the reagents: 
 
● Primer fw (10 µM)  1.25 µl  
● Primer rev (10 µM)  1.25 µl  
● DNA template (1 ng/µl) 1 µl  
● H2O    9 µl  
● Q5 2X Master mix  12,5 µl  
 
The following PCR program was run: 
 
1. 98°C  30 s 
2. 98°C   10 s 
3. 55°C   30 s 
4. 72°C  20–30 s/kb 
Repeat steps 2 to 4 35 times. 
5. 72°C  2 min 
 
The PCR products were run on a 1 % agarose gel containing Midori Green (1:20,000) and 
cut out under a UV light. The cut-out DNA fragments were purified using the gel extraction 
kit (Qiagen). The second PCR was conducted with the PCR products of the first PCR as 
templates and the primers SUPER_left_fw and SUPER_right_rev.  
 
● SUPER_left_fw  1.25 µl  
● SUPER_right_rev  1.25 µl  
● left PCR product  5 µl  
● right PCR product  5 µl  
● Q5 2X Master mix  12,5 µl  
 
The same PCR program was used for the second PCR as for the first PCR. The product 
was run on a agarose gel, cut out and purified as described for the first PCR. The PCR 
product and 1 µg of vector DNA (pMVMwt) was cut with the restriction enzyme HindIII 
(NEB) using the NEB 2 buffer according to the manufacturer's protocol. The digested PCR 
product was heated to 80°C for 20 min to inactivate the HindIII enzyme. From the vector 
 




DNA the larger fragment was cut out after running it on a 1 % agarose gel and purified as 
described before. The vector fragment was dephosphorylated using the alkaline phosphatase 
(Roche) according to the manufacturer’s protocol. Afterwards, the dephosphorylated vector 
and the PCR product were ligated at 16°C overnight. The ligation mixture is listed below: 
 
● PCR product   37.5 ng  
● Vector    50 ng  
● 10X T4 ligation buffer  2 µl  
● T4 ligase   1 µl  
● H2O    ad 20 µl  
SURE bacteria were transformed with these plasmids.  
 
2.2.1.2 Production of pNS1, pSAT, pMyc-SAT and pCFP 
The genes for NS1, SAT, MycSAT and CFP were cloned into the vector pBS_UF3revYFP 
(pYFP). The vector contains a CMV promoter that regulates the expression of the 
transgene. The PCR was conducted using the primer pairs SAT_fw and SAT_rev, 
MycSAT_fw and MycSAT_rev, NS1_fw and NS1_rev, and CFP_fw and CFP_rev. 
pMVMwt served as a template for NS1, SAT and MycSAT. A CFP-containing plasmid was 
used as a template for CFP. The mixes were prepared as follows: 
 
● Primer fw (10 µM)  1.25 µl  
● Primer rev (10 µM)  1.25 µl  
● DNA template (1 ng/µl) 1 µl  
● H2O    9 µl  
● Q5    12.5 µl  
 
The following program was run: 
1. 98°C   30 s 
2. 98°C   10 s 
3. 55°C   30 s 
4. 72°C  20–30 seconds/kb 
Repeat steps 2-4 35 times.  
5. 72°C  2 min 
 
 




The PCR products were run on a 1 % agarose gel containing Midori Green (1:20,000), cut 
out under UV-light and purified using the gel extraction kit. The PCR products and the 
vector were cut using NotI (NEB) and SalI (NEB) with the NEB buffer 3 according to the 
manufacturer’s protocol. The PCR products were treated with 65°C in order to inactivate 
the restriction enzymes. The vector was run on an agarose gel and the larger fragment was 
cut out and purified using the gel extraction kit. The ligation was conducted as described in 
chapter 2.2.1.1 “Production of pSUPER, pMyc-SUPER, pMVM-Myc-SAT-wt, pMVM-V5-
SAT-wt”.  
 
2.2.1.3 Production of plasmids containing mutant versions of SAT 
For the production of plasmids of mutant versions of SAT chimeric PCRs were conducted 
as described in chapter 2.2.1.1 “Production of pSUPER, pMyc-SUPER, pMVM-Myc-SAT-
wt, pMVM-V5-SAT-wt”. The SAT_fw primer was used with a mutant SAT reverse primer 
and the SAT_rev was used with a mutant SAT forward primer. pdBMV served as a 
template. The first and second PCRs were run. The PCR products and the vector were cut 
using NotI (NEB) and SalI (NEB) with the NEB buffer 3 according to the manufacturer’s 
protocol. The PCR products were treated with 65°C in order to inactivate the restriction 
enzymes. The vector was run on an agarose gel and the larger fragment was cut out and 
purified using the gel extraction kit. The ligation was conducted as described in 
chapter 2.2.1.1 “Production of pSUPER, pMyc-SUPER, pMVM-Myc-SAT-wt, pMVM-V5-
SAT-wt”.  
 
2.2.1.4 Production of pMVM-Myc-SAT-KR58/59AA, pMVM-Myc-SAT-
GG31/35LL, pMVM-V5-SAT-KR58/59AA and pMVM-V5-SAT-
GG31/35LL  
For the production of pMVM-Myc-SAT-KR58/59AA, pMVM-Myc-SAT-GG31/35LL, 
pMVM-V5-SAT-KR58/59AA and pMVM-V5-SAT-GG31/35LL the SUPER_fw primer 
was used together with the mutant reverse primer, and the SUPER_rev primer was used 
with the mutant forward primer. pMVM-Myc-SAT-wt and pMVM-V5-SAT-wt served as 
templates. The first and second PCRs were run as described in chapter 2.2.1.1 “Production 
of pSUPER, pMyc-SUPER, pMVM-Myc-SAT-wt, pMVM-V5-SAT-wt”. The PCR products 
and the vector DNA pMVMwt were cut using HindIII (NEB) with the NEB buffer 2 
according to the manufacturer's protocol. The digested PCR product was heated to 80°C 
 




for 20 min to inactivate the HindIII enzyme. From the vector DNA the larger fragment was 
cut out after running it on a 1 % agarose gel and purified as described before. The vector 
fragment was dephosphorylated using the alkaline phosphatase (Roche) according to the 
manufacturer’s protocol. Afterwards, the dephosphorylated vector and the PCR product 
were ligated at 16°C overnight. 
 
2.2.1.5 Production of shRNA 
We followed the protocol supplied by Addgene for the construction of shRNAs with the 
vector pLKO.1 – TRC: https://www.addgene.org/tools/protocols/plko/  
We used two different hairpin regions for our constructs: CTCGAG and TTCAAGAGA. 
 
2.2.1.6 Transformation of bacteria and production of plasmids 
Transformation of SURE bacteria was conducted via heat shock treatment. 50 μl of bacteria 
were taken from the -80°C freezer and thawed on ice. Bacteria were mixed with a few μl of 
DNA solution and incubated on ice for 10 min. The bacteria were heated to 42°C for 30 
seconds and subsequently chilled on ice for one minute before adding 400 μl LB medium 
and incubating them at 37°C for 45 min. Bacteria were spun down at 6,000 g for 3 min, 300 
μl of supernatant were removed and the remaining LB was mixed with the bacterial pellet. 
This solution was dispersed onto an agar plate containing 50 mg/l ampicillin. After 24 h of 
incubation at 37°C colonies were picked from the agar plates. For the analysis of the DNA 
minipreparation were conducted using the QIAprep Spin Miniprep Kit according to the 
manufacturer's protocol. The plasmids were sequenced with the sequencing-service of 
GATC. For the production of larger amounts of DNA, Maxi preparations were conducted 
using the Plasmid Maxi Prep according to the manufacturer's protocol.  
 
2.2.1.7 Minipreperation and Maxipreperation 
Amplification and purification of plasmids was conducted using the QIAprep Spin 
Miniprep Kit and the Plasmid Maxi Kit from Qiagen. Protocols were conducted according 
to the manufacturer's instructions. Mini-preperations were eluted in 50 μl millipore water. 
Pellets of Maxispreperations were dried by removing the remaining ethanol with a glass 
pipette and a pump and then resuspended in 1 ml millipore water. 
 
 




2.2.2 Handling of and experimenting with eukaryotic cells 
2.2.2.1 Culture of eukaryotic cells 
A9 cells and HEK293T cells were cultivated in DMEM containing 10% FCS, 1% 
Penicillin/Streptomycin and 1% glutamate. Cells were kept in flasks or dishes at 37°C, 5% 
CO2, and 95% humidity. Cells were split when they reached confluency using trypsin.  
 
 
2.2.2.2 Transfection with calcium-phosphate 
The standard protocol of calcium-phosphate transfection was modified in order to increase 
transfection efficiency. The following protocol is described for a 24-well.  
 
560,000 HEK293T cells were seeded in one well of a 24-well dish. The transfection was 
conducted 5 h later. 2.5 μg DNA were mixed with 4.11 μl CaCl2 (2M) and filled up to 41.1 
μl H2O. A glass pipette and a pipet boy were used to blow bubbles into the solution. During 
this process 41.1 μl 2X HBSS was slowly added to the solution. The mixture was vortexed 
for 5 s and incubated at room temperature (RT) for 7 min before applying the transfection-
mix dropwise on top of the medium of the cells. The cells were incubated for 3 h at 37°C. 
Afterwards, the cells were carefully washed three times with PBS to remove the remaining 
transfection mix. Fresh growth medium was added to the cells and the cells were incubated 
at 37°C.  
 
2.2.2.3 Fura-2-AM staining 
HEK293T cells were seeded on coverslips in a 24-well dish and transfected 24 h later with 
Lipofectamine 3000 according to the manufacturer’s protocol. The next day cells were 
treated with Fura-2-AM for 30 min in Hepes-buffered saline solution at RT. The cells were 
analysed in a perfusion chamber under a fluorescent microscope. Single cells that were 
positive or negative for GFP-expression were selected for the recording process. Fura-2-
AM was excited at 357 nm or 380 nm wavelengths. The fluorescence was measured 
between 500 nm and 540 nm at a frequency of 0.5 Hz. The change in intracellular [Ca2+] is 
presented as the change in the fluorescence ratio obtained at the two excitation wavelengths 
(F357/F380). Averages of fluorescence intensity from somatic regions were chosen for 
quantification (≈50–80 pixels) and analysed off-line with routines written in Igor Pro 
 




software (Wavemetrics, Eugene, OR, USA).  (Titz et al., 2003). The perfusion was 
conducted as follows: 
 
control 1 s - 179 s 
0 Calcium 180 s - 360 s 
control  361 s - 540 s 
10K 541 s - 590 s 
control 591 s - 800 s 
 
The composition of the solutions control, 0 calcium, and 10K are listed under chapter 
2.1.9.2 “Other solutions” 
 
2.2.2.4 Sodium Green staining 
16.2 μl DMSO were added to one vial of Sodium Green containing 50 μg Sodium Green. 
16.2 μl of Pluronic F-127 were added to the mix. The solution was diluted 1:100 in growth 
medium and added to the cells for 1 h at RT. The cells were washed one time with growth 
medium. Fresh growth medium was added to the cells, afterwards. Analyses were conducted 
using the fluorescent microscope Cell Observer.Z1 (Zeiss). Pictures were taken every 4 
minutes. 
  
2.2.3 Production and titration of parvovirus  
2.2.3.1 Virus production and purification 
5,000,000 HEK293T cells were seeded on ten 15-cm dishes each. Transfection was 
conducted 24 h later. The following list shows the transfection mix for one dish: 
 
● Viral DNA   15 µg  
● CaCl2 (2.5 M)   112.5 μl  
● H2O    ad 1,125 µl 
 
For the production of pSUPER and pMyc-SUPER 30 µg helper DNA was added. The 
helper DNA contained the capsid genes of H1-PV under the control of a CMV promoter. 
1,125 µl 2X HBSS was added to the mixture and vortexed. After 15 min at RT the 
 




transfection mix was added dropwise to the cells. After two to three days the cells were 
harvested, pelleted and the cells of ten 15-cm dishes were resuspended in 4 ml VTE. After 
three freeze-thaw cycles at -80°C and RT the solutions were centrifuged at 1,000 g and the 
supernatants containing the virus transferred to new tubes. Afterwards, the viruses were 
purified. The MVMp-wt and SAT-ko viruses were purified with caesium-chloride, the 
pSUPER and pMyc-SUPER viruses were purified with iodixanol.  
 
For the purification using caesium-chloride, 5 ml CsCl2 solution (50 g CsCl2 in 90 ml VTE, 
δ=1.4 g/cm3) was filled in a centrifugation tube. 1 ml saccharose solution (1 M, in VTE) 
was carefully layered above. 5 ml of virus solution was put on top of the layers. The tube 
was centrifuged at 30,000 k for 24 h at 10°C. Afterwards, a hole was created at the bottom 
of the tube using a syringe and the virus was collected in about 25 Eppendorf cups with 
each cup containing 4 drops of virus solution. The aliquots were measured with a 
refractometer. Aliquots with a refraction index of 1.44 - 1.39 were pooled. These aliquots 
contained the full capsids. Afterwards, the virus stock was dialysed using a dialysis chamber. 
The chamber was placed in 1 l of VTE and incubated at 4°C overnight. The dialysed virus 
stock was taken out of the dialysis chamber and stored at 4°C.   
 
For the purification using iodixanol, iodixanol was diluted with PBS-MK to 15%, 20%, 40% 
and 60% solutions. 0.01 μg / ml phenol-red was added to the 20% and 60% solutions. 1.5 
ml of each solution was pipetted at the bottom of a QuickSeal tube (Beckmann) in the 
sequence 15%, 20%, 40% and 60%, the 60% solution being the lowest layer. This gradient 
was covered with 5 ml virus solution. The tubes were centrifuged at 50,000 rpm in a 50.2Ti-
Rotor (Beckman) for 2.5 h hours at 10°C. The 40% iodixanol solution was recovered with a 
syringe.  
  
2.2.3.2 Plaque assay 
To analyse the plaque-forming phenotype plaque assays were performed on 6 cm dishes or 
15 cm dishes. In the following paragraph the protocol is described for 6 cm dishes. 
Numbers in brackets account for 15 cm dishes.  
 
A9 cells were seeded at a number of 250,000 (1,710,000) cells per dish. At the next day, 
infections were done in a dilution series in a volume of 400 μl (5 ml).  The dishes were 
incubated for one hour at 37°C and slightly tilted in every direction every 10 minutes to 
 




evenly disperse the virus solution over the cells. Afterwards, the virus solution was 
discarded and 8 ml (30 ml) of a agar cover was mixed by adding 5 ml (18.7 ml) preheated 
2xMEM and 3 ml (11.3 ml) preheated 2% agar. After five days 1.41 ml (7.03 ml) 2xPBS, 
0.125 ml (0.94 ml) neutral red and 1.41 ml (7.03 ml) preheated 2% agar solution were mixed 
and added on top of the previous agar cover. The next day plaques were counted. 
Optionally, the agar covers were removed and the cells were fixed with 4 % 
paraformaldehyde (PFA).  
 
2.2.3.3 RT-qPCR 
RT-qPCR analyses were conducted to count viral genomes. In a first step virus samples 
were treated with benzonase in order to remove unpackaged viral DNA. 200 µl virus sample 
was mixed with 4 µl benzonase (diluted 1:100 in PBS) and 0.2 µl 2 M MgCl2 and incubated 
for 30 min at 37°C. The viral DNA was then extracted using the MiniElute Virus Spin Kit 
by Qiagen according to the manufacturer’s protocol. The viral DNA was eluted in a final 
volume of 40 µl water. For the RT-qPCR a master mix was prepared containing 1.3 µl 
forward primer (10 pmol/µl), 1.3 µl reverse primer (10 pmol/µl), 1.3 µl Taqman probe, 23.4 
µl reaction mix (TaqMan Universal PCR Master Mix 2x, Applied Biosystem) and 13 µl 
water. 6.7 µl of sample or standard plasmid was added to 40 µl master mix and 20 µl were 
added to one well of a 96-well PCR plate in duplicate. The standard plasmid was a serial 
dilution of a plasmid containing pMVM-Δ800 of a known concentration. The plate was 
sealed with a transparent adhesive cover and centrifuged 5 min at 3,000 rpm. The cycling 
conditions are listed below: 
 
 
Step Temperature Time Number 
 of cycles 
#1 50°C 120 s 1 
#2 95°C 600 s 1 
#3 95°C 15 s 40 








2.2.3.4 Preparation of the radioactive probe 
10 µg pMVMwt was digested with EcoRI-HF (NEB) and XhoI (NEB) in NEB buffer 
CutSmart according to the manufacturer’s protocol. After 1 h at 37°C the DNA was 
separated on a 1.5 % agarose gel containing Midori Green (1:20,000). The band at about 1 
kb was cut out and purified using the gel extraction kit (Qiagen). The DNA was 
radioactively labelled using the Megaprime kit according to the manufacturer’s protocol 
(Amersham).  
 
2.2.3.5 Infectious center assay 
In order to conduct an infectious center assay A9 cells were seeded and infected as 
described in the chapter 2.2.3.2 “Plaque assay”. However, the cells were not covered with an 
agar cover but cultured in growth medium. 24 h post infection supernatants were removed 
and the cells were washed in PBS. Nitrocellulose filters were placed on top of the cells 
which transferred the cells to the filters. The filters were taken off the dish and turned on 
their backside on a whatman paper, cells facing upside. The following steps were conducted 
in this orientation. The filters were transferred to a Whatman paper that had been soaked 
with denaturation buffer. After 12 min, the filters were transferred to a Whatman paper that 
had been soaked with neutralisation buffer and incubated for 12 min. The filters were 
transferred to a dry Whatman paper and baked at 80°C for 2 h. Filters were incubated in 
hybridisation-buffer at 65°C for 2 h. The radioactive sample (see chapter 2.2.3.4 
“Preparation of the radioactive probe”) was added to hybridisation buffer and incubated 
overnight. Afterwards, the solution was discarded and the filters were washed two times 
with washing buffer I and one time with washing buffer II at 65°C for 30 min each. The 
filters were dried on Whatman paper and autoradiography was conducted using an X-ray 
film.  
 
2.2.3.6 Southern Blot 
350,000 A9 cells were seeded on 6 cm dishes and infected 24 h later. After a certain amount 
of time cells were harvested. The cells were taken up in 1 ml PBS and spun down at 800 g 
for 6 min. The pellets were lysed in Hirt extraction buffer for 3 min and subsequently 
treated with 5 µl RNAse A (100 µg), gently mixed and incubated for 1 h at 37°C. Proteins 
were digested by adding 20 µl Proteinase K (10 mg /ml). The solutions were gently mixed 
and incubated at 37°C for 6 h or longer. 120 µl 5 M NaCl was added and mixed by 
 




inversion. The solution was incubated on ice overnight. Samples were centrifuged at 13,000 
rpm at 4°C for 1 h. Supernatants were transferred to a 2 ml Eppendorf cup. 625 µl 
Phenol/Chloroform/Isoamylalcohol (Ph/C/I) (25/24/1) was added and vortexed for 15 s. 
Samples were centrifuged at full speed for 10 min at 4°C. The upper water phase was 
transferred to a new 2 ml Eppendorf cup. The Ph/C/I-extraction was repeated one more 
time. 1,250 µl ice-cold ethanol (100%) was added and vortexed slowly. The solution was 
incubated overnight at -20°C. Solutions were centrifuged at full speed at 4°C for 1 h. 
Supernatants were discarded and the pellet was dried before being resuspended in 100 µl 
TE (pH 8). The samples were run on a 1% agarose gel in TAE buffer. The gel was treated 
with denaturation buffer for 30 min and washed in VTE-water. Afterwards, the gel was 
treated two times with neutralisation buffer for 20 min. Three Whatman papers were 
equilibrated first in Millipore water and then in 10 x SSC solution. The nitrocellulose 
membrane was equilibrated in VTE water and 10X SSC. The Whatman papers were placed 
on a tray, both ends hanging in tanks filled with 10X SSC. The gel was placed upside down 
on top of the stack of Whatman papers. The nitrocellulose membrane was placed on top of 
the gel. Another stack of equilibrated Whatman papers was added and a 5-8 cm tall stack of 
dry paper tissues were placed on top of it. Weights were positioned on top of this stack. 
The next day the membrane was dried and fixed at 80°C for 2 h. From here on the same 
steps were conducted as previously described in chapter 2.2.3.5 “Infectious center assay” 
from the step on following the procedure of 2 h of baking the filter.    
 
2.2.4 Protein analytics 
2.2.4.1 SDS-Polyacrylamide electrophoresis (SDS-PAGE) 
SDS-PAGE was performed to separate proteins depending on their molecular weight. The 
gel-chambers were sealed at their bottom with 1% agarose. 10%/12%/15% separating gels 
were mixed as follows in the given order: 
 
10% Separating gel 
1. H2O    4 ml      
2. 1.5 M Tris pH 8.8  2.5 ml  
3. 30% Acrylamide mix  3.3 ml  
4. 10% SDS   100 μl  
5. 10% APS   100 μl  
 




6. TEMED   10 μl  
 
12% Separating gel 
1. H2O     3.3 ml    
2. 1.5 M Tris pH 8.8  2.5 ml  
3. 0% Acrylamide mix  4 ml 3 
4. 10% SDS   100 μl  
5. 10% APS   100 μl  
6. TEMED   10 μl  
 
15% Separating gel 
1. H2O    2.3 ml    
2. 1.5 M Tris pH 8.8  2.5 ml  
3. 30% Acrylamide mix  5 ml  
4. 10% SDS   100 μl  
5. 10% APS   100 μl  
6. TEMED   10 μl  
 
The gels were poured into the chambers and covered with 200 µl isopropanol. When the 
gels were solid, the isopropanol was discarded and the stacking gels were mixed as follows: 
 
1. H2O    3.55 ml    
2. 0.5 M Tris pH 6.8  1.25 ml  
3. 30% Acrylamide mix  0.75 ml  
4. 10% SDS   50 μl  
5. 10% APS   50 μl  
6. TEMED   5 μl  
 
Samples were mixed with 5x Laemmli and heated to 65°C for 5 min. The gels were run at 
120-140 Volts.  
 
2.2.4.2 Western Blot 
Western Blots were conducted with gels of the SDS-PAGE. Whatman papers were soaked 
with transfer buffer 1, 2 or 3 according to figure 13. Western blots were run at 25 V and 250 
 




mA for 2 h. The membranes were blocked in 10% milk in PBS for 30 min. Afterwards, the 
first antibody was added in a 10 % milk in PBS solution and incubated for one hour. The 
membrane was washed three times with PBS for 3 min. The secondary antibody was added 
in 10% milk in PBS for one hour. The membranes were washed three times in PBS for 3 
min. The membranes were treated with PLUS-ECL solution according to the 
manufacturer’s protocol and analysed in the ECL Chemocam imager.   
 
 
Figure 13: Installation of a Western Blot. 
 
2.2.4.3 Crosslinking of proteins using disuccinimidyl suberate or 
paraformaldehyde 
17,000,000 HEK293T cells were seeded on two 15-cm dishes. 24 h post transfection cells 
were transfected using calcium-phosphate transfection (chapter 2.2.2.2 “Transfection with 
calcium-phosphate”). The next day the cells were harvested and washed two times in cold 
PBS. The cells were divided in aliquots, treated with different concentrations of 
disuccinimidyl suberate (DSS) or 4% PFA and incubated for 2 h at 4°C. In order to quench 
the reaction Tris pH 7.5 was added to a final concentration of 20 mM. After 30 min of 
incubation at 4°C, Triton X-100 was added to a final concentration of 1%. Afterwards the 
samples were centrifuged at 15,000 g for 15 min at 4°C. The supernatants were transferred 
to new tubes.  
 
 




2.2.4.4 Crosslinking of proteins using photo-leucine 
The photoreactive amino acid photo-leucine was used in order to crosslink proteins. The 
amino acid is incorporated in proteins and binds non-specifically with neighbouring 
molecules under UV-irradiation.  
 
For this experiment 7,000,000 HEK293T cells were seeded on 6 cm dishes. 5 hours later 
the culture medium was replaced by medium lacking leucine and substituted with 4 mM 
photo-leucine and dialysed FCS (“photo-leucine medium”). Subsequently, cells were 
transfected with pMVM-Myc-SAT-wt using lipofectamine 3000 according to the 
manufacturer’s protocol. After 3 h the transfection mix was removed and fresh photo-
leucine medium was added to the cells. After 24 h cells were washed with ice-cold PBS and 
put on ice in 4 ml of PBS. Cells were then irradiated with UV at a wavelength of 360 nm for 
17.5 min. The irradiation time was determined in a pre-experiment according to the 
manufacturer's protocol. Subsequently, the cells were harvested and lysed in RIPA buffer. 
Proteins were separated on a SDS-PAGE and transferred to a nitrocellulose membrane in a 
Western blot. The membrane was stained with antibodies against Myc.  
 
2.2.4.5 Immunoprecipitation 
Immunoprecipitations were conducted using the magnetic beads “dynabeads” by Thermo 
Scientific. The beads are coated with protein G which makes them affine to many kinds of 
antibodies including mouse and rabbit IgGs. All washing steps were conducted using a 
magnetic rack to fix the beads in their position.  
 
40 µl of dynabeads were transferred to an Eppendorf cup and the supernatant was removed 
with the help of the magnetic rack. Antibodies were diluted in 200 µl of PBS with 0.02% 
tween 20 before adding them to the beads and mixing them by pipetting up and down. The 
Eppendorf cups were rotated for 20 min. Afterwards, beads were washed two times in PBS 
with 0.02 % tween 20 and one time in PBS. 500 µl of 500 µg protein were added to the 
beads and mixed by pipetting up and down. The solutions were rotated for 20 min. The 
beads were washed three times in PBS. 100 µl PBS was added and the beads were 
transferred to a new Eppendorf cup in order to remove remaining contaminants. The PBS 
was removed and the beads resuspended in 16.8 µl of a 50 mM glycine solution (pH 2.8) 
 




and 4.2 µl 5x Laemmli. Solutions were heated to 65°C for 5 min and afterwards transferred 
to a SDS-PAGE for further analysis. 
 
2.2.4.6 Hygromycin B Assay 
The Hygromycin B assay was performed to analyse the permeability of the plasma 
membrane of SAT-expressing cells. HEK293T cells were seeded on a 6-well dish with 
3,000,000 cells per well. 5 hours later cells were transfected with pYFP and pMVMwt or 
pSAT-ko using calcium-phosphate. After 24 h 400 μg/ml Hygromycin B was added to the 
cells for 30 min. Cells were washed two times with PBS and methionine-deficient medium 
containing 50 µCi [35S] methionine. 10% dialysed FCS and 400 μg/ml Hygromycin B was 
added to the cells. Cells were then incubated for 3 h at 37°C under light shaking of the 
dishes. Afterwards, cells were collected and lysed in RIPA buffer. Immunoprecipitations 
with an anti-GFP antibody were performed followed by SDS PAGE and Western blot. 
Irradiation was detected by subjecting an X-ray film to the Nitrocellulose membrane. A 
graphic illustration of the method can be found in chapter 3.10 “SAT makes the plasma 
membrane permeable to Hygromycin B”. 
 
2.2.4.7 Immunofluorescence staining 
Immunofluorescence studies were conducted on diagnostic microscope slides. Cells were 
fixed using 4% Paraformaldehyde for 20 min, followed by permeabilization with 0.5% 
Triton X-100 in PBS for 10 min. After five washing steps in PBS, cells were blocked in 20% 
FCS in PBS for 30 min. Cells were washed three times in PBS and then incubated with the 
first antibody in a volume of 20 µl of 2% FCS in PBS for one hour. The first antibody was 
removed and the spots were washed six times in PBS. The second antibody was added in 20 
µl 2% FCS in PBS for one hour. The second antibody was removed and the cells were 
washed six times in PBS. Finally, diagnostic microscope slides were mounted by elvanol and 
by a cover slip.  
 
For cell surface stainings the cells were put on ice for 10 min. The first antibody was directly 
added to the medium and mixed by very carefully by pipetting up und down. The cells were 
washed three times with cold PBS and afterwards fixed in 4% PFA for 20 min. 20% FCS in 
PBS was added for 20 min before adding the secondary antibody in 2% FCS in PBS. After 1 
hour, the cells were washed five times in PBS. If additionally an intracellular staining was 
 




conducted, the cells were permeabilised using 0.5% Triton in PBS. The following steps are 
outlined in the previous protocol.  
 
2.2.4.8 Proximity ligation assay 
Fluorescent staining of protein interactions was achieved using the Duolink proximity 
ligation kit by Sigma. 10,000 HEK293T cells were seeded on diagnostic microscope slides 
and transfected the next day using lipofectamine 3000 according to the manufacturer’s 
protocol. The protocol for the proximity ligation assay followed the same steps of a usual 
fluorescent staining procedure including the incubation of the cells with the first antibody. 
The following steps were conducted as suggested by the manufacturer. 
 
2.2.4.9 Preparation of samples for FACS 
3,000,000 HEK293T cells were seeded on a 6-well dish. 5 h later the cells were transfected 
using calcium-phosphate. 20 h post transfection, cells were detached using trypsin and 
collected in 4 ml medium. Cells were spun down at 800 g for 5 min, the supernatant was 
removed and the pellet was resuspended in ice-cold PBS and transferred to an Eppendorf 
cup. The following steps were conducted at 4°C and centrifugation steps were carried out at 
800 g for 5 min. Cells were spun down and resuspended in 200 μl of 10% FCS in PBS 
containing the first antibody. After 30 min, cells were pelleted and washed two times in 
PBS, resuspending the cells at each washing step. The pellet was taken up in 500 μl of PBS 
and while slowly vortexing, 500 μl of 4% PFA was added dropwise. After 30 min PFA was 
removed and the cells washed two times in PBS. 10% FCS in PBS was added for 30 min. 
Then, the secondary antibody (Alexa fluor 488) was added in 10% FCS in PBS for 30 min. 
The secondary antibody was removed and the cells were washed two times in PBS. Cells 
were resuspended in 1x BD Perm/Wash buffer (P/W buffer) and incubated for 15 min on 
ice. Then, the first antibody was added in 200 μl P/W buffer. The next day the first 
antibody was removed and the cells were washed two times in P/W buffer. Afterwards, 
cells were treated with the secondary antibody for 30 min and washed twice in P/W buffer. 
The pellet was taken up in 600 μl PBS and filtered through a nylon mesh. Samples were 
analysed on a GUAVA 4HT FACS machine. 
 
 




2.2.5 Preparation and implementation of coarse-grained molecular 
dynamics simulation   
In order to follow potential self-assembly events of putative oligomers of SAT we prepared 
and implemented a coarse-grained molecular dynamics simulation of 20 initially separated 
monomers of the full length protein.   
 
As the structure of SAT is unknown, the secondary structure prediction server 
PredictProtein (https://www.predictprotein.org/) (Yachdav et al. 2014) was first used to 
predict an all-atom structure of the full sequence (residues 1-58). This predicted two helical 
conformations, the first one from residues 1-28 and the second from residues 32-56. The 
transmembrane helix was predicted from residues 27-47.  The Modeler 9.10v software was 
used to model the helical conformations using restraints applied in the above-specified 
regions, using the automodel.special_restraints() option and the entire SAT sequence was 
consequently modelled as a contiguous helix structure. Taking this initial all-atom monomer 
structure,  a grid of 5x4 monomers with a spacing of 5 nm was generated using an 
internally-developed tcl script in VMD.  
 
The latest version of the MARTINI force-field (MARTINI version 2.2) was used for 
subsequent coarse-grained (CG) system preparation. The all-atom system consisting of the 
5x4 SAT monomer grid was converted to a CG model by using the martinize.py script 
(http://cgmartini.nl) with elastic network restraints on backbone atoms with a force 
constant set to 500 kJ.mol-1.nm-2. The elastic bond cutoff was set as 0.9 nm for the upper 
limit and 0.5 nm for the lower limit. The martinize script generated the martini topologies 
for the proteins.  The CG protein model was then inserted into a lipid bilayer consisting of 
2914 POPC lipid molecules using the insane.py script with a box size of 32,27.7 and 15.2, 
nm in the x,y and z dimensions respectively. The protein-membrane system was then 
solvated using the MARTINI standard water model (NPW) (Jong et al. 2013) with 72,352 
water particles and 60 Na+ ions were added to electrically neutralize the system.  This 
generated a complete CG model system consisting of 112,414 particles. 
 
A CG molecular dynamics (MD) simulation was then prepared. All preparatory and 
production phases of the simulation were carried out using the GROMACS MD software 
(Gromacs 5.0x). A more detailed desciption of the general simulation procedure applied is 
 




described in (Mustafa et al. 2015). Specifically, the simulation preparation procedure started 
with steepest descent energy minimization followed by NPT equilibration with a constant 
temperature of 310 K using a velocity rescale (v-rescale) thermostat. Separate groups were 
defined for protein, POPC, and solvent for thermostat coupling with a coupling constant of 
1 ps. Berendsen weak coupling was used in the initial equilibration step with a coupling 
constant of 2.0 ps and a reference pressure of 1 bar. 
 
A CG MD production simulation of approximately 1.5 μs was then performed.  During the 
production simulation, a Parrinello-Rahman barostat with a coupling constant of 12 ps was 
used. Semi-isotropic pressure coupling was used with a compressibility of 3.0×10-5 and the 
time step was set to 20 fs. As implemented in the new version of Gromacs (Gromacs 5.0x), 
non-bonded interactions were calculated by the RF (reaction field) approach and cut-off 
methods when calculating the Coulomb and VDW interactions, respectively. Simulation 
results were visually analyzed for oligomer formation. Several frames of the simulation 
(frame 520 and 551) were back-converted to all-atom models using the backward.py script 







3.1 Sequence comparison of SAT between MVMp - PPV 
Both MVMp and PPV belong to the group of autonomous replicating parvoviruses and 
share a common genomic structure. Zádori and coworkers showed that PPV expresses the 
small protein SAT in an alternative reading frame within the coding sequence of VP2. By 
sequence comparison they found a similar genomic pattern in MVMp and other 
Protoparvoviruses. In MVMp the SAT-gene is 177 bps long and starts four base-pairs after 
the start codon of VP2 (figure 14A). A global alignment of the SAT proteins of MVMp and 
PPV showed a sequence identity of 30.3% and a sequence similarity of 39.5% (figure 14B). 
Both protein sequences contain a section of highly hydrophobic residues. Since the SAT 
protein of PPV was found to be located within membranes we used the TMHMM Server v. 
2.0 to predict transmembrane helices in SAT (Figure 14C). The SAT proteins of MVMp and 
PPV were predicted to harbour a single transmembrane helix. The N-terminal part of SAT 
was predicted to be located outside, the C-terminal part inside. For the SAT protein of PPV 
this orientation was predicted to be reversed. However, the developers of the prediction 
tool advise the users of the tool that the quality of the predicted orientation of single-pass 


















Figure 14: Sequence-comparison of SAT in the porcine parvovirus (PPV) and prototypic 
minute virus of mice (MVMp) (A) Transcription start site of VP2 and SAT in the PPV and 
the MVMp. The genomic sequence is written in italic. The amino acid sequence for the 
open reading frame (ORF) of VP2 and SAT is written below in roman. The transcription 
and translation start sites of VP2 and SAT are underlined with a single or a double line, 
respectively. (this figure was adapted from Zádori et al. 2005) (B) Global sequence 
alignment of SAT of PPV and MVMp. The EMBOSS Needle algorithm for a pairwise 
sequence alignment was used. The BLOSUM62 scoring matrix was used with a gap open 
penalty of 10, a gap extend penalty of 0.5 and no gap end penalty. (C) Prediction of 
transmembrane helices in SAT of PPV and MVMp. The TMHMM Server v. 2.0 was used to 
predict transmembrane helices. The x-axis shows the amino acid number, the y-axis shows 
the probability of a transmembrane helix. The pink and blue curves show the probability of 
the non-transmembrane regions to be outside or inside the cytoplasm, respectively. 
 
3.2 The SAT-knockout virus produces smaller plaques than 
the wild type virus  
SAT of PPV was shown to be involved in the lytic process and the spreading of progeny 
viruses (Mészáros et al., 2017). In order to determine these features for MVMp, SAT-
knockout (SAT-ko) viruses were produced which carried two mutations that blocked the 
translation of SAT (figure 15A). These mutations did not affect the integrity of VP2. Plaque 
assays were performed with A9 mouse fibroblasts. The plaques formed by the SAT-ko virus 
were significantly smaller than plaques formed by the wild type MVMp virus (MVM-wt) 
which implies a reduced spreading capacity of the SAT-ko virus (figure 15B, 15C). Next, we 
titrated the MVM-wt and SAT-ko virus in an RT-qPCR and in an infectious center assay 
(ICA) (figure 15D, table 1). For the RT-qPCR, viral genomes were extracted from viral 
stocks and a Taqman RT-qPCR was conducted with primers against the NS1-gene. For the 
ICA, A9 cells were seeded and infected with the two different viruses. 24 h post infection, 
the cells were fixed and stained with a radioactive probe against the NS1-gene. An 
autoradiograph revealed the number of NS1-positive cells. When the two obtained titers 
were analysed, the ratio of infectious particles to viral genomes revealed that the infectivity 
of the SAT-ko virus was reduced. We assumed that the titer obtained by the plaque assay 
was deceiving. Some plaques of the SAT-ko virus might have been too small to see them 
with the naked eye and therefore we think that only a fraction of the plaque forming units 
could be counted for this mutant virus using this method. In order to circumvent this 








Figure 15: Infections with the SAT-ko virus lead to the formation of small plaques. (A) 
Comparison of the genomes of wild type and SAT-ko. The translation initiation sites are 
coloured in orange and blue, respectively. The two mutations in the SAT-ko are coloured in 
red. (B/C) Comparison of plaque sizes in MVM-wt- and SAT-ko-infected A9 cells. 
Standard plaque assays were conducted and the cells were fixed with 4% PFA. Photos were 
taken of 6 cm dishes (B) and plaque diameters counted for 100 plaques on 15 cm dishes 
(C). *** p<0.001 as calculated by two sample t‐test. (D) An infectious center assay with 
MVM-wt virus and SAT-ko and different virus dilutions was conducted. A sequence of the 











Table 1: The SAT-ko virus shows a reduced ICA/qPCR titer. 
The titer of the MVM-wt virus and SAT-ko virus was assessed 
by RT-qPCR. The ratio of the titers acquired by the ICA and 






ICA / qPCR 
MVM-wt 3.00 x 109 4.08 x 1011 73.5 x 10-4 
SAT-ko 4.50 x 107 1.11 x 1011 4.1 x 10-4 
 
 
3.3 The SAT-ko virus is not inhibited in its replication 
The reduced plaque size of SAT-ko suggests that the virus was defective in a crucial step of 
its life cycle. The ICA, that utilised a probe against the NS1-gene, did not show significant 
differences between wt- and SAT-ko-infected cells regarding the size of the dots seen in the 
autoradiograph. Therefore, we assumed that the SAT-ko virus had no defect in its DNA 
replication. A potential defect in its replicating ability would have led to a reduced copy 
number of NS1 and subsequently to a reduced size of the dots seen in the autoradiograph. 
To confirm this hypothesis, we conducted a Southern blot analysis. A9 cells were infected 
with SAT-ko or MVM-wt virus at an MOI of 0.01, 0.1 or 1 and harvested after 24 h, 48 h or 
72 h. The lysates were subjected to a Southern blot and analysed with a radioactive probe 
against the NS1-gene (figure 16). By this approach the different forms of the viral genome 
should become visible as distinct bands (see chapter 1.6.2 “The replication process”). The 
autoradiograph showed that viral replication was taking place in the SAT-ko- and the 
MVM-wt-infected cells. At 24 h the monomeric, dimeric and tetrameric replicative DNA-
forms were clearly visible. Differences between SAT-ko and MVM-wt-infected samples 
were small except for the lowest MOI of 0.01. At 48 h and 72 h the monomeric and dimeric 
form of the SAT-ko virus were very strong, whereas the bands in the MVM-wt-infected 
cells became weaker, probably due to the massive cell death that had already occurred in 
these samples.  
 
It should be mentioned that under the conditions how the DNA preparations were 






indicates that progeny viruses are produced since this form of parvoviral DNA only exists 
in encapsidated virions. This form was most likely lost during the DNA purification 
processes, which is frequently seen for MVMp. Nevertheless, the monomeric, dimeric and 
tetrameric forms demonstrate that viral DNA amplification was taking place in the SAT-ko-
infected cells. Additionally, the plaque assay implied that progeny viruses of SAT-ko were 
formed since the formation of small plaques was observed.  
 
 
Figure 16: The SAT-ko virus replicates in A9 cells. A9 cells were infected with MVM-wt 
virus or SAT-ko virus for 24 h, 48 h and 72 h with an MOI of 0.01, 0.1 or 1 or mock-
infected for 72 h. A Southern blot analysis was conducted using a probe against the NS1-








3.4 The spreading capacity of the SAT-ko virus is restrained  
The results of the plaque assay suggested that the SAT-ko virus was inhibited in its 
spreading capacity. In order to test this hypothesis, A9 cells were infected with MVM-wt or 
SAT-ko virus with an MOI of 1. 4 h, 24 h and 48 h post infection viral genomes were 
isolated from infected cells and their supernatants and the genomes were counted using RT-
qPCR. Neuraminidase was added after 6 h to inhibit reinfections. This enzyme cuts off 
sialic acid moieties from cell surface proteins including the receptor for MVMp which 
inhibits MVMp from binding to it (figure 17A). At 4 h post infection about ten times more 
viral genomes of SAT-ko virus was seen inside the cells compared to the MVM-wt-infected 
cells underscoring the reduced infectivity of the SAT-ko virus. After 24 h SAT-ko- and 
MVM-wt-infected cells comprised almost the same number of viral genomes. However, the 
supernatant of MVM-wt infected cells carried ten times more viral genomes than the 
supernatant of SAT-ko infected cells. After 48 h the number of released viruses was about 
the same for MVM-wt- or SAT-ko-infected cells. The SAT-ko virus seemed to be inhibited 
in its ability to spread while the replication of the genome stayed unaffected. The 












Figure 17: The release of progeny viruses is inhibited in SAT-ko-infected cells. A9 cells were 
infected with MVM-wt or SAT-ko with an MOI of 1 (A) and 0.1 (B). After 4 h, 24 h and 48 
h cells and their supernatants were harvested and quantitatively analysed for viral genomes 










3.5 A knockout of SAT decreases the lytic activity of MVMp 
and inhibits the release of HMGB1 
The knockout of SAT was shown to reduce the spreading capacity of the virus. For PPV it 
was suggested that this phenotype was caused by a reduced lytic potential of the mutant 
virus. Without SAT the cell would not be lysed and therefore the progeny viruses would be 
trapped within the cell and would not be released from it (Mészáros et al., 2017). In order to 
test if SAT of MVMp acts in the same lytic way, A9 cells were infected with either MVM-wt 
or SAT-ko virus with an MOI of 0.1 and stained for dead cells using PI after 24 h, 48 h or 
72 h (figure 18A). The SAT-ko virus showed a reduced lytic potential especially after 48 h 
and 72 h. Even after 24 h slight differences in the amount of dead cells could be observed 
between MVM-wt- and SAT-ko-infected cells. The experiment was also conducted with an 
MOI of 0.01 and 1 which led to similar results.  
 
To confirm that the SAT-ko virus was not inhibited in its expression of NS1, A9 cells were 
infected with different MOIs of MVM-wt or SAT-ko virus and harvested after 16 h, 24 h, 
48 h or 72 h. The lysates were analysed for NS1 expression in a Western blot. MVM-wt- 











Figure 18 Cell-lysis is reduced in SAT-ko-infected cells while the expression of NS1 is 
similar to MVM-wt-infected cells. (A) A9 cell were infected with MVM-wt- or SAT-ko-virus 
with an MOI of 1, 0.1 or 0.01 or were mock-infected for 24 h, 48 h or 72 h. Dead cells were 
stained with PI and counted under the microscope. Hoechst 33342 was used for 
counterstaining. *p<0.05, **p<0.01, *** p<0.001 as calculated by two sample t‐test. (B) A9 
cell were infected with MVM-wt- or SAT-ko-virus with an MOI of 1, 0.1 or 0.01 for 16 h, 
24 h, 48 h or 72 h or mock-infected for 72 h. Cell lysates were analysed on a Western blot 
with antibodies against NS1 and GAPDH. 
 
Furthermore, we wanted to test if the knockout of SAT affects the immunogenic features of 








The cellular protein HMGB1 can give a first hint towards this question. HMGB1 is usually 
located in the nucleus and binds DNA non-specifically (Janko et al., 2014). During necrosis 
HMGB1 is released from the cells and acts as an immunostimulatory signal to trigger 
inflammation (Rovere-Querini et al., 2004; Scaffidi et al., 2002). A9 cells were infected with 
MVM-wt or SAT-ko and 24 h and 48 h later the cells and the supernatants were collected 
and analsyed in a Western blot with antibodies against HMGB1 (figure 19). The release of 
HMGB1 was stronger in the MVM-wt-infected cells compared to the SAT-ko-infected cells 
which underscores the importance of SAT in the release of HMGB1. 
 
Figure 19: MVM-wt-infected cells release greater amounts of HMGB1 than SAT-ko-
infected cells. A9 cells were infected with MVM-wt or SAT-ko. 24 h and 48 h post infection 
supernatants and cells were harvested and analysed on a Western blot with antibodies 
against NS1 and HMGB1. 
 
3.6 The SAT protein has a higher lytic potential than NS1 
The knockout of SAT in MVMp led to a strong reduction of its capacity to lyse cells and 
subsequently it led to a reduced spread of progeny viruses. A similar phenotype was 
observed for the SAT-knockout in PPV. However, it is noteworthy that the expression of 
NS1, which has been frequently reported in the past to have cytotoxic activities, was not 
inhibited in the SAT-ko virus. Still, only a small number of cells were lysed after infection 
with the SAT-ko virus. The striking difference in the lytic abilities of MVM-wt and SAT-ko 
led us to directly compare the lytic capacity of NS1 and SAT. To this end, the NS1-gene or 
the SAT-gene were cloned into an expression vector under the control of a CMV-promoter 
(pNS1, pSAT, respectively). The constructs were transfected into HEK293T cells. 24 h post 
transfection lysed cells were stained with PI and counted under the microscope. As a non-






CFP under the control of a CMV-promoter (pCFP). CFP also served as a marker for the 
amount of transfected cells (figure 20A). Transfection of pSAT induced a strong lytic effect. 
About 20% of the cells were PI-positive. pNS1-transfected cells were indistinguishable from 
pCFP-transfected cells regarding the amount of PI-positive cells. Even after 48 h and 72 h 
the amount of dead cells after pNS1-transfection did not significantly increase (data not 
shown). In order to confirm the expression of NS1 and SAT, transfected cells were lysed 
and analysed on a Western Blot for protein expression. Since no antibody for SAT was 
available, the SAT-gene was tagged with the Myc-epitope (Myc-SAT) (figure 20B). pNS1 
and pMyc-SAT showed robust levels of protein expression. The two bands of SAT were 
likely a result of a glycosylation event, since the mutation of a putative glycosylation site in 
the N-terminus of SAT eliminated the upper band in a Western blot (Supplementary figure 
1). It is noteworthy, that the transfection of HEK293T cells with pMyc-SAT killed even 
more cells than the native pSAT. We believe that the Myc-tag might have a stabilising effect 
on the SAT protein. The experiment showed that the sole expression of SAT had a strong 








Figure 20: The SAT protein is more potent in killing cells than NS1. (A) HEK293T cells 
were transfected with pNS1, pSAT, pMyc-SAT or pCFP. 24 h post transfection dead cells 
were stained with PI and counted under the microscope. Hoechst 33342 was used as a 
counterstaining. CFP-positive cells were counted as well. *** p<0.001 as calculated by two 
sample t‐test. (B) HEK293T cells were transfected with pNS1 or pMyc-SAT for 24 h, 48 h 
or 72 h. Cell lysates were analysed on a Western blot using antibodies against NS1, Myc and 
GAPDH.  
 
3.7 The SAT protein of MVMp is transported to the plasma 
membrane and its lytic potential depends on this transport 
Mészáros and coworkers already showed that the SAT protein of PPV is located in the ER 
and they suggested that it confers its lytic capacity by inducing an irreversible stress in the 
endoplasmic reticulum (Mészáros et al., 2017; Zádori 2009). We wanted to test if the SAT 
protein of MVMp is transported from the ER to the plasma membrane and if this transport 








fused to either the 5’- or the 3’-end of the SAT-gene (pMyc-SAT or pSAT-Myc, 
respectively). The constructs were transfected into HEK293T cells. After 24 h living cells 
were stained with a Myc-antibody and a fluorescent secondary antibody. This staining-
approach allows the potential detection of the Myc-epitope at the surface of the cells since 
the antibodies used for the detection cannot enter living cells under the chosen conditions. 
Afterwards, the cells were fixed in 4% PFA, permeabilized and stained again with a Myc-
antibody and a fluorescent secondary antibody (figure 21). This approach makes the 
intracellular and extracellular distribution of Myc-SAT and SAT-Myc visible. pSAT-Myc-
transfected cells showed an intracellular localisation of SAT-Myc whereas cells transfected 
with pMyc-SAT were additionally stained at the plasma membrane. Myc-SAT seems to be 
transported to the plasma membrane and its N-terminus is likely to be located 




Figure 21: Myc-SAT is transported to the plasma membrane. HEK293T cells were 
transfected with plasmids encoding for SAT which was N- or C-terminally fused to the 
sequence of Myc (pMyc-SAT, pSAT-Myc, respectively). 24 h post transfection live cells 
were stained with Myc-antibodies and secondary antibodies coupled to Alexa 488 (Surface). 
Subsequently, cells were fixed, permeabilised and stained with Myc-antibodies and 
secondary antibodies coupled to Alexa 594 (Intracellular). Dapi was used for nuclear 
staining. Images were taken with a confocal microscope.  
 
We wanted to further investigate if the transport of SAT to the plasma membrane correlates 
with its lytic potential. To this end, the SAT-gene within the viral genome was fused to the 
sequence of the V5 epitope (pMVM-V5-SAT-wt). These constructs were co-transfected 






(pSar1-wt) into HEK293T cells. In both cases the sequences of Sar1-wt and Sar1-dn were 
fused to the sequence of the Myc-epitope. Sar1 is involved in the vesicular transport of 
cargo proteins from the ER to the Golgi. This small GTPase is part of the COPII complex 
which orchestrates the formation and cargo-loading of budding vesicles from the ER 
(UniProt: the universal protein knowledgebase; accession number Q9NR31). Sar1 binds 
GTP and releases GDP to exert its function. The dominant negative form of Sar1 carries a 
mutation in its nucleotide-binding site at position K38 (K38M) and is therefore inhibited in 
its function. In the past this mutant was already shown to reduce the vesicular transport 
from the ER to the plasma membrane. In these experiments the secretion of Gaussia 
luciferase from transfected cells was strongly inhibited by this mutant (Bär et al., 2013).  
 
Live cells were first stained with V5-antibodies and fluorescent secondary antibodies, 
subsequently permeabilized and stained with V5-antibodies and fluorescent secondary 
antibodies again. Cells were then analysed in IF and FACS. As shown in figure 22A, B and 
C transfection of pSar1-dn clearly reduced the surface translocation of V5-SAT. Next, 
HEK293T cells were co-transfected with pMVM-V5-SAT-wt and pSar1-dn or pSar1-wt. 24 
h post transfection the amount of dead cells was analysed (figure 22 D). Co-expression of 
Sar1-dn strongly reduced the lytic potential of V5-SAT. These data indicate that the 


















       
Figure 22: The transport of SAT to the plasma membrane is essential for its lytic property. 
(A/B/C) Sar1-dn reduces the transport of V5-SAT to the plasma membrane. HEK293T 
cells were co-transfected with pMVM-V5-SAT-wt and pSar1-dn or pSar1-wt. 24 h post 
transfection live cells were stained with V5-antibodies and secondary antibodies coupled to 
Alexa 488 (Surface (A) / V5-Alexa 488 (B) ). Subsequently, cells were fixed, permeabilised 
and stained with V5-antibodies and secondary antibodies coupled to Alexa 594 (Intracellular 
(A) / V5-Alexa 594 (B) ). (A) Cells were stained with DAPI and analysed under a confocal 
microscope. (B) Cells were analysed with a FACS machine. (C) The ratio between the 
number of cells that were positive for V5 on their surface and the number of cells that were 
positive for V5 intracellularly and on their surface was calculated. (D) HEK293T cells were 








transfection dead cells were stained with PI and counted. Hoechst 33342 was used as a 
counterstaining. *p<0.05, ** p<0.01 as calculated by two sample t‐test. 
 
3.8 Monomers of SAT form stable interactions with each 
other 
The SAT protein comprises basic characteristics of a viroporin: It is short, it has a 
transmembrane domain and it can induces cell lysis. Another characteristic of viroporins is 
their ability to form homo-oligomers within membranes to form pores that are permeable 
to small molecules and ions. In order to find a homo-oligomerising activity of SAT, 
immunoprecipitations (IP) were conducted. To this end, the SAT-gene within the genome 
of MVMp was fused to the sequence of Myc or V5 (pMVM-Myc-SAT-wt, pMVM-V5-SAT-
wt respectively). HEK293T cells were transfected with these constructs and harvested the 
next day. Co-immunoprecipitations were conducted with antibodies against Myc and V5 
(figure 23A). Myc-SAT was co-immunoprecipitated by V5-antibodies and vice versa, 
indicating that the two SAT-monomers specifically interacted with each other to form stable 
oligomers. In order to confirm this observation proximity ligation assays (PLA) were 
conducted. This approach allows for the direct localisation of protein-protein interaction 
within the cell. A graphic illustration of the method can be seen in figure 23B. HEK239T 
cells were transfected with pMVM-Myc-SAT-wt and pMVM-V5-SAT-wt and PLAs were 
conducted with cells that were permeabilised with Triton X-100 or not (figure 23C/D). 
Permeabilised cells showed mainly cytosolic oligomerisation, non-permeabilised cells 
showed oligomerisation on their plasma membrane. These results demonstrate the ability of 




















Figure 23: SAT monomers homo-oligomerise at the plasma membrane. (A) HEK293T cells 
were transfected with pMVM-Myc-SAT-wt and pMVM-V5-SAT-wt. Co-
immunoprecipitations were conducted with the cell lysates with antibodies against Myc or 
V5. Western blots were stained with antibodies against Myc and V5. (B) Schematic 
overview of a proximity ligation assay. 1.) Two proteins bind to each other. 2.) Antibodies 
are added and bind to the proteins. 3.) Probes that are attached to DNA-oligomers are 
added. 4.) Additional oligomers hybridise to the probes with the help of a ligase (grey 
spheres) to form a DNA circle. 5.) The amplification mix is added consisting of nucleotides, 
polymerase and fluorescently labeled oligonucleotides. The polymerase multiplies the DNA 
in a rolling circle amplification and the fluorescent oligomers hybridise to the product. 
(https://www.sigmaaldrich.com/content/dam/sigma-aldrich/docs/Sigma-
Aldrich/General_Information/1/duolink-short-protocol.pdf) (C/D) Proximity ligation 
assays were conducted with HEK293T cells transfected with pMVM-Myc-SAT-wt and 
pMVM-V5-SAT-wt. Cells were either permeabilized with Triton X-100 (C) or not (D). Red 
staining indicates protein-protein interaction. Cells were additionally stained with Dapi and 
Phalloidin. 
 
Typical viroporins are formed by at least four monomers. The previous experiments 
showed that SAT monomers are able to homo-oligomerise. However, these experiments 
can only show dimerisation. In order to overcome this limitation and to determine the 
number of monomers forming one pore, crosslinking experiments were conducted. This 
approach takes advantage of crosslinking molecules that introduce covalent connections 
between multiple proteins that are in close proximity to each other. HEK293T cells were 
transfected with pMyc-SAT or pFlag-SAT. After 24 h cells were treated with disuccinimidyl 







antibodies against Myc or Flag (figure 24). The monomeric form of SAT was clearly visible. 
However, no multimeric forms were detected with this approach.  
 
Figure 24: Crosslinking of SAT monomers. HEK293T cells were transfected with pMyc-
SAT or pFlag-SAT and crosslinked with different concentrations of DSS or 4% PFA and 
analysed on a Western blot with antibodies against Myc or Flag. 
 
DSS and Formaldehyde are able to crosslink primary amines that are only present at two 
residues in the SAT protein. Therefore, the failure of the approach to crosslink monomers 
of SAT was not surprising. To circumvent this problem, we turned to photo-leucine as a 
crosslinking reagent which is a photoreactive amino acid that is incorporated into proteins 
and crosslinks to nearby molecules upon UV-radiation. HEK293T cells were transfected 
with pMVM-Myc-SAT-wt and photo-leucine was added to the medium. The photoreactive 
amino acid is then incorporated by the cells during the translation of new proteins. 
Irradiation of cells was performed 24 h post transfection and cell lysates were analysed on a 
Western blot using anti-Myc antibodies (figure 25). Monomeric Myc-SAT was found at a 
molecular weight of about 13 kDa. Two additional species were found at higher molecular 
weights of about 20 kDa and 40 kDa. We suspect these to represent dimers and tetramers 
of Myc-SAT. The multimeric bands did not look as sharp as the monomeric bands. This 
effect was probably caused by the low power of the UV lamp (15 watts) that was used in 
this experiment. The manufacturer of photo-leucine recommends using UV-lamps with an 
output between 15 watts to 200 watts. It should be also considered that the UV-irradiation 
is likely to induce the formation of various differently crosslinked SAT species. The 
crosslinking might appear at different sites of SAT since the protein sequence contains 12 
leucine residues, and therefore 12 potential sites of crosslinking. These different species are 
likely to show slightly different migration behaviours in the SDS-gel leading to a cloudy 








Figure 25: Photo-leucine crosslinks monomers of Myc-SAT. HEK293T cells were 
transfected with pMVM-Myc-SAT-wt and fed with photo-leucine for 24 h. Cells were 
irradiated with UV and cell-lysates were analysed on a Western blot with antibodies against 
Myc. Oligomers are indicated with black arrowheads. 
 
3.9 Mutations in its transmembrane domain abolish the 
killing potential of SAT but do not inhibit its homo-
oligomerisation 
To substantiate our findings, we performed site-directed mutagenesis of SAT within its 
transmembrane helix. We suspected this domain to be important for the oligomerisation of 
SAT. Mutagenesis of important residues in the transmembrane domain might prevent its 
oligomiersiation and therefore might have negative effects on the lytic potential of SAT. 
The transmembrane domain of SAT is located between amino acids 27 and 47. At its C-
terminal end two basic residues can be found: K48 and L49 (figure 26A). An arginine and a 
lysine residue were previously found next to the transmembrane domain of agnoprotein of 
the JC virus which also acts as a viroporin. Mutations of these amino acids abolished the 
function of agnoprotein as a viroporin (Suzuki et al., 2010). In analogy, we replaced K48 






post transfection the lytic potential of the wild type and mutant protein was analysed using 
PI-staining (figure 26B). Indeed, the mutation strongly inhibited the capacity of SAT to lyse 
the transfected cells. A similar phenotype was observed when two glycines at position 31 
and 35 within the transmembrane domain were mutated to leucines. The glycines were 
assumed to form a GxxxG motif, a common motif in transmembrane helices frequently 
seen to be important for helix-helix interactions. Further mutations were tested out (figure 
26C). However, they showed less dramatic negative effects than the mutations described 
above. Some of these mutations such as F40G and M45G actually boosted the lytic effect 












Figure 26: Mutations at the transmembrane domain of SAT eradicate the lytic function of 
SAT. (A) The amino acid sequence of SAT is depicted with its transmembrane domain 












HEK293T cells were transfected with pSAT, pSAT_KR48/49AA or pSAT_GG31/35LL. 
pCFP served as a non-toxic control. 24 h post transfection cells were stained with Hoechst 
33342 and PI and counted under a fluorescent microscope. ** p<0.01 as calculated by two 
sample t‐test. (C) The amino acid sequence of SAT is shown with its transmembrane 
domain underlined. The introduced mutations are indicated in red. (D) HEK293T cells 
were transfected with pSAT, or mutant versions of pSAT. pCFP served as a non-toxic 
control. 24 h post transfection cells were stained PI and positive cells were counted under a 
fluorescent microscope. This experiment was only conducted once. 
 
In order to analyse if these mutations had an effect on the oligomerisation of SAT we 
conducted co-immunoprecipitations as described in the previous chapter. The mutations 
were introduced into the viral genome and SAT was fused at its 5’-end to the sequence of 
Myc or V5 (pMVM-Myc-SAT-KR48/49AA, pMVM-V5-SAT-KR48/49AA, pMVM-Myc-
SAT-GG31/35LL, pMVM-V5-SAT-GG31/35LL) (figure 27A). Figure 27B shows that 
both mutants oligomerised in the α-V5 staining. However, the interaction was not seen in 
the α-Myc staining. Furthermore, the input controls were not seen in the α-Myc staining, 
but the protein could still be precipitated. GAPDH was used as a control. However, the 
protein was not seen in the transfections of pMVM-Myc-SAT-wt and pMVM-V5-SAT-wt. 
We do not know why we observed this result. The protein might have been degraded in the 
dying cells. It should be mentioned that after lysis of the cells the samples were stored at -
80°C for about one month before conducting the co-immunoprecipitation which might 
have led to the degradation of proteins. Due to reasons of time management the experiment 
was not repeated again. Since the immunoprecipitation showed oligomerisation in the α-V5 



























Figure 27: Mutations in SAT do not inhibit the interaction of monomers. (A) Graphic 
illustration of the DNA-constructs. The genomic area around the SAT gene within the viral 
genome is depicted. Red arrowheads indicate mutations. (B) HEK293T cells were co-
transfected with pMVM-Myc-SAT-wt, pMVM-Myc-SAT-KR48/49AA or pMVM-Myc-
SAT-GG31/35LL and pMVM-V5-SAT-wt, pMVM-V5-SAT-KR48/49AA or pMVM-V5-
SAT-GG31/35AA. Co-immunoprecipitations were conducted with antibodies against Myc 
or V5. Western blot analyses were done with antibodies against Myc or V5. Input controls 
were additionally stained with antibodies against NS1 and GAPDH. 
 
Additionally, we analysed the transport of the mutant SAT proteins to the plasma 
membrane. pMVM-Myc-SAT-GG31/35LL or pMVM-Myc-SAT-KR48/49AA were 
transfected into HEK293T cells. 24 h post transfection cells were either stained live with α-
Myc antibodies or were permeabilised with Triton X-100 and stained afterwards with α-Myc 
antibodies (figure 28). Both mutants were found to be located both intracellularly and at the 
cell surface. The defect in the lytic capacity of the mutant SAT proteins could not be 










Figure 28: SAT-GG31/35LL and SAT-KR48/49AA localise to the plasma membrane. 
HEK293T cells were transfected with pMVM-Myc-SAT-wt, pMVM-Myc-SAT-
KR48/49AA or pMVM-Myc-SAT-GG31/35LL. 24 h post transfections living cells were 
stained with antibodies against Myc (Myc-Stain (Surface)) or the cells were fixed and 
permeabilised and subsequently stained with antibodies against Myc (Myc-Stain 
(Intracellular)). Pictures were taken with a confocal microscope. 
 
3.10 SAT makes the plasma membrane permeable to 
Hygromycin B 
The main feature of viroporins is to make membranes permeable to small molecules and 
ions. We wanted to test this ability of SAT by conducting an assay using the small antibiotic 
Hygromycin B which stalls eukaryotic protein translation (Contreras and Carrasco, 1979). 
Hygromycin B usually takes several hours to pass through the plasma membrane of cells. 
Since SAT was found to oligomerise at the plasma membrane to lyse the cells, we 
hypothesized that SAT might increase the permeability of Hygromycin B by forming a pore. 
This assay was already conducted for the analysis of many other viroporins such as 
agnoprotein of the polyomavirus JC virus (Suzuki et al., 2010) (figure 29A). HEK293T cells 
were transfected both with a plasmid coding for the yellow fluorescent protein (pYFP) and 
the genome of MVMp (pMVM-wt), the SAT-knockout version of the genome (pSAT-ko) 
or no further DNA. The next day the cells were treated with Hygromycin B and fed with 
radioactive methionine. After 3 h of incubation the cells were harvested and an 






autoradiograms were performed to analyse the incorporation of radioactive methionine into 
YFP (figure 29B). If Hygromycin B is able to easily pass through the plasma membrane the 
translation of YFP was expected to be decreased. In the case of pMVM-wt-transfected and 
Hygromycin B-treated cells a lower amount of YFP was translated compared to untreated 
cells. pSAT-ko-transfected cells that were treated with Hygromycin B did not show such a 
reduction in signal intensity. As a control Western blots with non-labeled samples were 
stained with α-GFP and α-NS1 antibodies (figure 29C). The global expression of YFP and 
NS1 was comparable between pMVM-wt- and pSAT-Ko-transfected samples and between 
Hygromycin B-treated and non-treated samples. These experiments show that the 











Figure 29: SAT induces changes in the permeability of the plasma membrane. (A) Schematic 
protocol of the Hygromycin B assay. Cells are transfected with pYFP and the pMVM-wt. 
After 24 h cells have accumulated YFP in their cytoplasm and pores are formed by SAT-
oligomers at the plasma membrane. Hygromycin B is added to the cells and enters the cell 
through the pores. Radioactive methionine is added and incorporated in newly-synthesized 
proteins. After 3h the translation of YFP is inhibited by Hygromycin B. (B) The 
Hygromycin B assay was conducted and immunoprecipitations with antibodies against GFP 
were prepared and analysed in an autoradiogram. (C) The samples were analysed on a 









3.11 The SAT oligomer is not permeable to calcium or 
sodium ions 
The experiments of the previous chapter showed that the expression of SAT leads to the 
permeabilisation of the plasma membrane to the small molecule Hygromycin B. Many 
viroporins are permeable to small ions such as calcium or sodium and allow these ions to 
pass through the membranous barrier. For example, Vpu which is the viroporin of HIV-1, 
is permeable to sodium and potassium (Ewart et al., 1996). We explored whether SAT is 
permeable to calcium or sodium. Both ions exist in the extracellular space in much higher 
concentrations than in the intracellular space (Na+ extracellular/intracellular: 12 mM/145 
mM; Ca2+ extracellular/intracellular: <0.0002 mM/1.8 mM) (Lodsih, 2000). An increase in 
the intracellular concentration of one of these ions would have dramatic effects on the 
cellular integrity and is likely to induce cell death. 
 
We tested the permeability of MVM-wt- or SAT-ko-infected A9 cells for calcium using the 
fluorescent calcium indicator Fura-2-AM. Dr. Stefan Titz of the “Institut für Physiologie 
und Pathophysiologie” in Heidelberg conducted this experiment in his laboratory. 
HEK293T cells were transfected with pGFP and pSAT or pMVMwt and treated with Fura-
2-AM 20 h post transfection. Cellular GFP-expression indicated a successful transfection 
and was used to identify cells that were most likely co-transfected with pSAT or pMVMwt. 
Twelve transfected and twelve non-transfected cells were used for the recordings. During 
the time course cells were placed in a perfusion chamber and treated with different 
solutions containing different concentrations of calcium ions. Fluorescent intensities of 
Fura-2-AM were recorded under a fluorescent microscope. The dye can be excited at 357 
nm or 380 nm and it emits photons with a wavelength between 500 nm and 540 nm. The 
ratio F357/F380 indicates the intracellular Ca2+ concentration. Between 0 s and 180 s the 
cells were perfused with control solution containing 2 mM CaCl2. At 180 s the cells were 
perfused with a solution containing no calcium ions (0 Calcium). At 360 s the cells were 
treated with control solution again. At 540 s cells were treated with a solution containing an 
increased amount of potassium ions (10K) which is thought to increase the intracellular 
calcium concentrations (Barish, 1991). From 590 s on the cells were perfused with control 
solution again. If the SAT-pore was permeable to calcium ions, we suspected the 
intracellular calcium concentration to react to changes in the perfusion solution. However, 






transfected cells suggesting that a putative SAT pore might not be permeable to Ca2+ (figure 
30). The lower steady state level of transfected cells was likely affected by the expression of 
GFP. GFP is slightly excited at 357 nm and 380 nm with a stronger excitation at 380 nm 









Figure 30: The expression of SAT does not affect the intracellular concentration of calcium 
ions. HEK293T cells were co-transfected with pGFP and pSAT or pMVMwt. 20 h post 
transfection cells were loaded with the calcium indicator Fura-2-AM and analysed under a 
fluorescent microscope (excitation: 357 nm or 380 nm; emission: between 500 nm and 540 
nm; frequency of measurement: 0.5 Hz). Twelve GFP-positive and twelve GFP-negative 
cells were recorded. At 180 s cells were perfused with a solution containing no calcium ions 
(0 Calcium). At 540 s cells were treated with a solution containing an increased amount of 
potassium ions (10K). The left row shows the recordings of single cells, the right row shows 
averaged values. 
 
Next, we tested whether the putative SAT pore was permeable to sodium ions. To this end, 
A9 cells were infected with MVM-wt or SAT-ko with an MOI of 5 and were loaded with 
Sodium Green and PI 24 h post infection. Sodium Green is an indicator for sodium ions 
that fluoresces green at increased intracellular sodium concentrations. The putative SAT 
pore was suspected to permeabilise the plasma membrane to sodium to induce cell death. 
The infected cells were analysed in a time lapse experiment. Every eight minutes pictures 
were taken with a fluorescent microscope (figure 31). Both MVM-wt- and SAT-ko infected 
cells did not become positive for Sodium Green before they died. The cells became first 
positive for PI-staining and soon later for Sodium Green-staining. At the same time the 
cells underwent severe morphological changes of cell lysis. No differences of any kind 
between MVM-wt and SAT-ko-infected cells were observed. These results suggest that the 
putative SAT pore is not permeable to sodium ions. However, it is questionable if the used 
method is appropriate to detect small changes in the intracellular sodium concentrations 









Figure 31: The expression of SAT does not change the intracellular concentration of 
sodium ions. A9 cells were infected with MVM-wt or SAT-ko and treated with Sodium 
Green and PI 24 h post infection. Cells were analysed for 24 h under a fluorescence 
microscope. Every eight minutes pictures were taken. The starting point “0 min” was 
chosen arbitrarily for both samples individually in order to analyse the point of cell lysis.  
 
3.12 A coarse-grained computer simulation of SAT reveals 
oligomerisation but does not show pore-formation 
In order to investigate the pore-forming activity of SAT we performed a coarse-grained 
computer simulation of SAT. Since no three-dimensional structure of SAT is known we 
performed a de novo prediction using the online tool Phyre 2 (Kelley and Sternberg, 2009). 
The resulting structure is illustrated in figure 32B. Phyre 2 aligns a query amino acid 
sequence (figure 32A) to a database of sequences with known three-dimensional structures. 
From these sequences the query sequence is then modeled de novo. SAT was predicted to 
be separated in three different helices. The middle helix matched the prediction of the 
transmembrane part of the protein. However, the overall confidence of the predicted model 











Figure 32: Prediction of the 3D-structure of SAT. (A) Amino acid sequence of SAT with its 
transmembrane domain underlined. (B) The structure was modelled de novo using the 
online tool Phyre 2. The N- and C- termini are labelled with an “N” and a “C”, respectively. 
Polar residues are shown in green, nonpolar in white, acidic in red, basic in blue. 
 
Next, a coarse-grained simulation was conducted. Kashif Sadiq and Ghulam Mustafa of the 
HITS institute in Heidelberg conducted this simulation. A coarse-grained simulation 
simplifies amino acids to sphere-like structures in order to save processor performance 
which allows to conduct long simulation-times of a few μ seconds. An alternative to a 
coarse-grained simulation is an all-atoms simulation which takes each atom of the system 
into account. Since the confidence of the Phyre 2-predicted structure was rather low the 
helices of SAT were modeled de novo as one continuous helix passing through the 
membrane. 20 monomers of SAT were placed inside a 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) membrane and the simulation was run for 2 μs. Throughout the 
simulation various multimers were formed. At the end of the simulation a heptamer was the 
largest oligomer that was formed. The most symmetric multimers, however, were the 
dimers and tetramers. Therefore, we concentrated on these structures.  
 
One dimer is shown in figure 33. The slightly bent helices were facing each other with the 
same surfaces and interacted with each other on their full length. One of the main 
characteristics were the leucine residues that paired up at the N-terminus of the protein. 
Leucine 11, 18, 22 and 25 interacted with the neighbouring leucines (figure 33B). This 







transmembrane domain interacted with each other in a very symmetrical manner. Depicted 
in figure 33D is the phenylalanine residue 40 (F40). F40 made contacts with the 
neighbouring helix. However, the two F40 residues did not contact each other. The lysine 
and arginine residues (K48, R49) were embedded at the edge of the membrane. They were 
in close proximity to the aspartic acid residue D52. The last three residues T56, A57 and 
G58 stuck out of the membrane whereas W54 was located inside the membrane 
(figure 33E). What seemed surprising to us was the orientation of G31 and G35 that 
formed the putative GxxxG motif. G31 and G35 were located outside of the helices not 
interacting with any other residues (figure 33C). This observation might explain why the 
mutation of these residues to leucines had no effect on the oligomerisation of the 
monomers (see chapter 3.9 “Mutations in its transmembrane domain abolish the killing 








Figure 33: SAT forms dimers in a computer simulation. Two interacting SAT proteins are 
depicted. (A) Both proteins interact at their full length with each other. The edges of the 
membrane are shown as dotted lines. (B) The leucine residues L11, L18, L22 and L25 of 
each monomer are shown as orange sticks and their surfaces are shown transparent. (C) 
The glycine residues G31 and G35 of both monomers are shown in white with their van-
der-Waals (VDW) radius. (D) Phenylalanine F40 of both monomers are shown as purple 
sticks. (E) The C-terminal part is depicted with the outline of the membrane shown as a 
dotted line. Arginine and lysine: magenta; aspartic acid: cyan; tryptophan: grey; threonine, 
alanine, glycine: light salmon. 
 
One of the tetramers is depicted in figure 34A. The four helices, labeled h1, h2, h3 and h4 
formed a bundle at their N-termini (figure 34C). At their C-termini the helices were more 
separated from each other and were lined up next to each other (figure 34B). The 
orientation of helix h2 and h3 was very similar to the orientation of the helices of the dimer 
described above. G31, G35, F40, K48, R49, D52, W54, T56, A57 and G58 adopted the 






leucines at the N-terminal bundle pointed inward the bundle. Leucine 18, 22 and 25 of helix 
h2 and h3 and leucine 11, 15, 18 and 22 of helix h1 and h4 pointed inwards the bundle and 
came into close contact with each other (figure 34D1). Helix h1 and h4 did not form 
interactions with each other at their C-terminal domains. G31 and G35 of all monomers 
were facing away from the oligomeric core (figure 34D2/3). The F40 residues of h2 and h3 
adopted a similar conformation seen previously in the dimer, with one phenylalanine 
contacting the neighbouring helix and vice versa. However, the two F40 residues of helix h1 
and h2, and helix h3 and h4 came into very close contact with each other (figure 34D4). At 
the C-terminal parts the helices lined up into one row which was slightly bent (figure 34B). 
The residues of the C-terminal part also adopted conformation which was similar to the 
conformation already seen in the dimeric structure (figure 34D5). The tetramers also 
formed an additional interaction at their C-terminal end with another helix (figure 34E). 
None of the observed structures resembled a pore. However, the simulation confirms the 








Figure 34: SAT forms tetramers in a computer simulation. (A) Four interacting helices of 
SAT are depicted, termed h1 to h4. The outlines of the membrane are shown as dotted 
lines. (B) Bottom view of the tetramer showing the C-termini of the SAT monomers. (C) 
Top view of the tetramer showing the N-terminal bundle. (D) Overview image of the 
discussed residues. (D1) Leucine zipper (orange sticks) at the N-terminal bundle. (D2) 
GxxxG motifs. The glycines are shown as white spheres. (D3) The GxxxG motif is shown 
from an inclined angle. (D4) Orientation of the Phenylalanine residues F40 (purple spheres). 
(D5) C-terminal domain of h2 and h3 with the outline of the membrane shown as a dotted 
line. Arginine and lysine: magenta; aspartic acid: cyan; tryptophan: grey; threonine, alanine, 
glycine: light salmon. (E) An additional helix (cyan) interacts with the tetramer. The helices 







3.13 Morphological changes of cell-death induced by SAT 
There are numerous reports about the cell-death that is induced by parvoviral infections. 
Signs of apoptosis have been found such as nuclear fragmentation, DNA condensation, 
PARP cleavage or activation of caspases (Moehler et al., 2001; Nykky et al., 2010; Ran et al., 
1999; Rayet et al., 1998). However, an early disruption of the plasma membrane leading to 
secondary necrosis argues against a completed apoptosis (Nykky et al., 2010; Ran et al., 
1999).  
 
We wanted to investigate if SAT plays a role in the cell-death pathway. A9 cells were 
infected with MVM-wt or SAT-ko with an MOI of 5 and stained with Annexin V and PI. 
Cells were observed for 48 h under a microscope in a time lapse experiment (figure 35). 
Cell-death of mock-infected cells was characterised by a slow rounding up of the cells 
followed by a sudden swelling of the cell which is a typical sign for necrosis. Cells became 
simultaneously positive for PI- and Annexin V-staining. The dead cells retained a swollen 
plasma membrane. Cell-death of MVM-wt- and SAT-ko-infected cells became 
simultaneously positive for PI- and Annexin V-staining. However, there was no immense 
swelling of the plasma membrane seen. The cells rounded up and retracted their plasma 
membrane to a small sphere. There was no significant difference seen in the cell-death of 
MVM-wt- or SAT-ko-infected cells. The presence of SAT did not influence the cell-































Figure 35: Annexin V-staining, PI-staining and morphological changes in MVM-wt-, SAT-
ko- or mock-infected cells: A9 cells were infected with MVM-wt, SAT-ko or were mock-
infected and stained with PI and Annexin V. The cells were analysed for 48 h under a 
fluorescent microscope. Pictures were taken every 24 minutes. The starting point “0 min” 
was chosen arbitrarily for the three samples individually in order to analyse the point of cell 
lysis. 
 
3.14 pSUPER kills cells more efficiently than pMVM-wt 
SAT is produced via the mechanism of leaky scanning. It is translated from the same 
mRNA as VP2, but its starting AUG is located 4 bps downstream the starting AUG of 
VP2. In this constellation VP2 and SAT share one mRNA for their production. The 
process of leaky scanning is a well-calculated process that allows the translation of the 







oncolytic virotherapy with parvoviruses it is beneficial to increase the toxicity of the virus. 
Therefore, we adjusted the position of the SAT gene to the starting point of the VP2 gene 
in order to increase its translation (figure 36A). We suspect that an increased dose of SAT 
protein should kill cancer cells more efficiently. In this genomic constellation the mRNA for 
the translation of SAT is not shared with the sequence for VP2 anymore. This 
rearrangement eliminates the expression of VP2. As another modification a stop codon was 
introduced at the end of the N-terminal domain of VP1 in order to exclude a fusion 
between the N-terminal domain of VP1 and SAT. The mutated genome, termed 
“pSUPER”, does not allow the production of progeny viruses since the production of 
capsid proteins is not possible. A few considerations have to be considered here: 
 
Hypothetically speaking, a single oncolytic virus should have the capability of eradicating a 
whole tumor by spreading of progeny viruses. However, in many preclinical studies this was 
not the case. The animals transplanted with tumors were often injected with multiple doses 
of virus but still succumbed their cancer. While some tumor cell lines gave rise to progeny 
viruses, others could be infected but did not produce significant amounts of progeny 
viruses. Moreover, the clinical data of H1-treated cancer patients did not allow to observe 
the production of progeny viruses, but it showed the seroconversion of the patients. 
Therefore, it might not be a big disadvantage for SUPER not to be able to produce progeny 
viruses. Many reports have emphasised the importance of the activation of the immune 
system for the parvoviral therapy (see chapter 1.2 “What makes Parvovirus an oncolytic 
virus?”). We assume that the immune activation is boosted when the toxicity of the virus is 
increased thereby releasing an increased amount of tumor antigen and we assume that a 
functional replication of the virus might not be the most important factor for the success of 
the therapy. We suspected that a boost in the activation of the immune system might be 
observed with the SUPER virus which is suspected to induce the lysis of the cells more 
efficiently due to its increased expression of SAT. The SUPER virus is not able to produce 
progeny viruses, but we suspect that its increased toxicity activates the immune system in a 
more efficient way than the wt-virus.  
 
First, we investigated if pSUPER-transfected cells produce more SAT than pMVM-wt-
transfected cells. Since no antibody against SAT was available, SAT was tagged N-terminally 
with Myc (see figure 36A) (“pMyc-SUPER” / “pMVM-Myc-SAT-wt”). HEK293T cells 






with antibodies against NS1 and Myc (figure 36B). The amount of Myc-SAT was strongly 
increased in pMyc-SUPER-transfected cells. 
 
Next, we analysed if the increased amount of SAT has an effect on the killing of transfected 
cells. HEK293T cells were transfected with constructs coding for pSUPER, the pMVM-wt, 
pMyc-SUPER, pMVM-Myc-SAT-wt, and pCFP. After 24 h dead cells were stained with PI 
and counted under the microscope (figure 36C/D). pSUPER was about 25 times more 
efficient than pMVM-wt in its killing potential. pMVM-Myc-SAT-wt also showed an 
increased lytic potential compared to pMVM-wt. This result was expected since the Myc-tag 
was already seen to have a boosting effect on the killing potential of SAT (see chapter 3.6 
“The SAT protein has a higher lytic potential than NS1”). However, pMyc-SUPER and 
pSUPER showed about the same amount of dead cells. We suggest that the killing potential 
of pSUPER already reached such a high value that an additional amplifying effect by a Myc-






































Figure 36: pSUPER and pMycSUPER are able to lyse cells more efficiently than pMVM-wt 
and pMVM-Myc-SAT-wt. (A) Graphic illustration of the different constructs used. The 
upper half of the graphic shows the wild type parvoviral genome with its expressed 
mRNAs. The lower part of the graphic concentrates on the genomic area around the Start 
codons of VP2 and SAT. Modifications of the wild type genome are listed below. A Stop 
codon was introduced in pSUPER and pMyc-SUPER in order to prevent fusions of VP1 
with SAT. On the lower right side of the graphic the expected amounts of proteins are 
depicted as graphs. (B) HEK293T cells were transfected with pMyc-SUPER or pMVM-
Myc-SAT-wt. 24 h post transfection cells were harvested and analysed in a Western blot 
with antibodies against NS1, β-Tubulin and Myc. (C, D) HEK293T cells were transfected 
with pMVM-wt, pMVM-Myc-SAT-wt, pSUPER, pMyc-SUPER or pCFP. 24 h post 
transfection cells were stained with Hoechst 33342 (Hoechst) and PI and counted under a 
fluorescent microscope. pCFP served as a non-toxic control and CFP-positive cells were 
counted. *** p<0.001 as calculated by two sample t‐test. 
 
In an additional experiment we wanted to analyse if the cell-death of pSUPER- or pMyc-
SUPER-transfected cells is more immunogenic than of pMVMwt-transfected cells. Again, 
we analysed the release of the immunogenic marker HMGB1 to address this question. We 
transfected HEK293T cells with pSUPER, pMyc-SUPER, pMVMwt or pCFP and 
harvested the supernatant of the cells after 24 h or 48 h. The supernatants were analysed in 
a Western blot with antibodies against HMGB1 (figure 37). After 24 h the levels of released 







pSUPER-transfected cells. After 48 h pSUPER- and pMyc-SUPER-transfected cells 
showed an increased level of released HMGB1 compared to pMVMwt-transfected cells. 
Especially pSUPER-transfected cells showed a strong release of HMGB1. These 
experiments gave a first hint that cell-death triggered by pSUPER might stimulate the 
immune system more efficiently than the cell-death triggered by pMVMwt. 
 
 
Figure 37: The release of HMGB1 is increased in pSUPER- and pMyc-SUPER-transfected 
cells. HEK293T cells were transfected with pSUPER, pMycSUPER, pMVMwt or pCFP. 
Supernatants were collected 24 h or 48 h post transfection and analysed on a Western blot 
with antibodies against HMGB1. 
 
In order to continue the research on the SUPER virus and Myc-SUPER virus we tried to 
produce these viruses in HEK293T cells. The cells were transfected with either 
pMVM-Myc-SAT-wt, pSUPER, pMyc-SUPER or the pMVM-Δ800. pMVM-Δ800 has a 
deletion at the start site of VP2 of about 800 bps. It does not contain the sequence for SAT 
and was used in the past to insert transgenes in this area (Kestler et al., 1999) (figure 38). 
pSUPER, pMyc-SUPER and pMVM-Δ800 are incapable of producing capsids. These viral 
genomes were co-transfected with a helper plasmid containing the capsid genes of the H1 
parvovirus under the control of a CMV promoter. The capsid genes of H1 were used 
instead of the capsid genes of MVMp in order to prevent recombination events between the 
mutant genome and the helper plasmid. Such recombination events would lead to the 
formation of MVM-wt genomes. After transfection pMVM-wt-transfected cells are usually 
harvested after three days whereas MVMΔ800-transfected cells are harvested after three or 
four days. A good indicator for the right time to harvest the cells and isolate the virus is the 
onset of cell lysis. The pSUPER- and pMyc-SUPER-transfected cells already started to die 
after two days. Given the enhanced killing abilities of pSUPER and pMyc-SUPER this 






cells still appeared morphologically healthy. Nevertheless, all viruses were harvested at day 
two, purified with iodixanol and titrated using an infectious center assay. The titers of 
SUPER- and Myc-SUPER-virus were very low, whereas the titer of MVM-wt was about 30 
times higher. MVM-Δ800 could not be detected (table 2).  
 
 
Figure 38: Genome of MVM-wt and MVM-Δ800. The blue arrows indicate the translational 
start points of the respective proteins. Δ800 indicates the deletion of about 800 base pairs 
from the genome. 
 
Table 2: Different viruses were produced and 






SUPER 11.1 x 103 
Myc-SUPER 6.6 x 103 
MVM-Δ800 not detected 
MVM-wt 3.6 x 105 
 
 
In order to increase the production rate of SUPER and Myc-SUPER we constructed 
shRNAs against SAT. We suspected that the accelerated cell death caused by an increased 
production of SAT might have negative effects on the production rate of the virus. In order 
to test the efficiency of the shRNAs HEK293T cells were co-transfected with pMVM-Myc-
SAT-wt and the shRNA-constructs pshRNA2-SAT, pshRNA6-SAT or the empty shRNA 
vector (pshRNA_empty). 24 h post transfection cells were harvested and the lysates 
analysed on a Western blot for the expression of Myc (figure 39). The staining clearly 
showed a downregulation of the expression of Myc-SAT. The sequences of SAT that were 






important feature since the mRNA of the capsid genes in the helper plasmid, would also be 





Figure 39: Knockdown of Myc-SAT. HEK293T cells were transfected with pMVM-Myc-
SAT-wt and shRNA constructs against SAT (pshRNA2-SAT / pshRNA6-SAT) or the 
empty shRNA vector (pshRNA_empty). 24 h post transfection cells were harvested and 
analysed on a Western blot using antibodies against Myc, NS1 and β-tubulin. 
 
In order to analyse if the knockdown of SAT has beneficial effects on the production rate 
of SUPER, HEK293T cells were co-transfected with either pMVM-wt, pSUPER or 
pMVM-Δ800 and pshRNA_empty, pshRNA2-SAT or pshRNA6-SAT. As a control cells 
were transfected only with the viral constructs without the plasmids for shRNA production. 
Three days post transfection the virus was harvested and isolated from the cell debris via 
centrifugation. The produced virus was used to infect A9 cells on spotslides. 24 h post 
infection cells were fixed and stained with fluorescent antibodies against NS1 and NS1-
positive cells were counted under the microscope. The results are shown in table 3. 
Unfortunately, the production of SUPER and MVM-Δ800 was not successful. However, 
the production of MVM-wt was boosted using pshRNA_empty and pshRNA6-SAT. The 
reasons for this effect are obscure to us. The here-presented experimental data relies on 
only one single experiment and the approach should be changed in order to obtain decent 
amounts of SUPER virus. Due to the shortage of time these adoptions could not be done in 








Table 3: Production of different viruses with the help of shRNAs. A9 cells were infected 
with the produced viruses and stained with fluorescent antibodies against NS1. NS1-
positive cells were counted under the microscope. Titers are given in NS1-positive cells / 
ml. 
 pshRNA_empty pshRNA2-SAT pshRNA6-SAT --- 
MVM-wt 11.1 x 105 1.7 x 105 32.5 x 105 0.36 x 105 
SUPER 0 0 0 0 








The data presented in this thesis shows that SAT acts in a viroporin-like manner to induce 
the lysis of the cell. We show that SAT is transported to the plasma membrane where it 
homo-oligomerises to multimers and permeabilises the plasma membrane which eventually 
leads to cell lysis and virus release. Furthermore, we analysed the therapeutic potential of a 
modified MVMp, called SUPER, in which the SAT gene is translated in larger amounts. 
SUPER showed increased lytic activity and might be established in preclinical and clinical 
trials for its therapeutic potential to activate the host immune system to target cancerous 
tissue.  
  
4.1 A Knockout of SAT is followed by a reduced cell lysis 
In agreement with the results of Mészáros and colleagues who analysed the SAT protein of 
the porcine parvovirus (Mészáros et al., 2017), our findings showed that cell lysis, virus 
release and spreading were strongly reduced upon a knock-out of SAT in the genome of 
MVMp. Still, when infected with the SAT-ko virus, cells were lysed after an extended 
amount of time. The delayed cell death was probably caused by other cytotoxic processes 
such as the extensive production of viral DNA and proteins, the virus-induced DNA-
damage response, cell-cycle arrest, and the cytotoxic features of NS1. Indeed, many 
previous reports attributed the main cytotoxicity of the virus to the NS1 protein. For 
example, NS1 was shown to induce the production of reactive oxygen species or to induce 
cell cycle arrest. However, a direct molecular mechanism of cell lysis has never been shown 
for NS1. We directly compared the lytic potential of NS1 with SAT and found that SAT 
was much more effective than NS1 in lysing cells. Although NS1 was shown to have 
cytotoxic activity, the wild type virus most likely gains its full lytic potential from the SAT 
protein. The addition of a Myc-tag to SAT further increased the killing potential of the 
protein. The reason for this finding is not clear, but we suspect that the Myc-tag could 
stabilize the SAT protein and extend its half-life. These findings have to be considered for 
the oncolytic therapy with parvovirus. The success of the therapy strongly depends on the 
activation of the immune system by the release of tumour antigens from dying cells. SAT 
clearly acts as a lytic protein and is likely to play a crucial role in this immunologic aspect of 
the therapy by releasing PAMPs (pathogen-associated molecular patterns) and DAMPs 







4.2 The transport of SAT is crucial for its lytic function 
Mészáros and coworkers suggested that the SAT protein of PPV induces the lytic process 
by an upregulation of ER-stress (Mészáros et al., 2017). Virus-induced ER-stress is a 
frequent phenomenon in viral infections. The extensive production of viral proteins 
disturbs the homeostasis of the ER and can lead to the formation of unfolded and 
misfolded proteins. Different sensors in the ER such as IRE1 and PERK detect the ER-
stress and initiate the so-called unfolded protein response (UPR), which is supposed to 
relieve the ER-stress and restore proper ER-functionality. For example, the UPR induces 
the production of chaperones in order to increase the folding abilities of the ER (Zhang and 
Wang, 2012). This process can also be exploited by viruses: Japanese encephalitis virus 
(JEV) and dengue viruses (DEN) trigger the UPR in order to increase the folding capacity 
of the ER to produce more viral proteins (Urano et al., 2000). The activation of the ER-
stress sensor PERK can also lead to the phosphorylation of the translation initiation factor 
eIF2α which initiates a shutdown of protein-translation. This pathway can be utilised by 
viruses as well: Herpes Simplex Virus (HSV) 1 induces the activation of PERK - a process 
that has been shown to be important for the viral replication of HSV 1. However, the viral 
protein γ134.5 mediates the dephosphorylation of eIF2α thereby preventing the shutdown 
of protein-translation. By this strategy, HSV1 activates the UPR and disarms it at the same 
time (Cheng et al., 2005; He et al., 1997).  
 
If the UPR is unable to resolve the ER-stress, it induces the expression of CHOP which 
initiates apoptosis. Mészáros and coworkers could show that CHOP localised to the nucleus 
upon infection with the wild type porcine parvovirus (PPV-wt) which was not seen in PPV-
SAT-Ko-infected cells (Mészáros et al., 2017). Nuclear CHOP is known to induce apoptosis 
and the researchers hypothesised that a CHOP-induced apoptosis would release the 
progeny viruses from the cell. However, Mészáros and coworkers could not discover a 
direct link between PPV SAT and the localisation of CHOP. When SAT was expressed 
without any other viral factor CHOP did not translocate into the nucleus. Additionally, a 
toxic overexpression of CHOP could not rescue the spreading capacity of the PPV-SAT-
Ko virus to reach PPV-wt levels. Moreover, researchers working with West Nile Virus 
found out that infections with this virus led to the induction of CHOP, which initiated 






type cells suggesting that CHOP-induced apoptosis might represent a cellular defense 
mechanism against viral infections (Medigeshi et al., 2007).  
 
In our experiments we discovered that SAT was transported to the plasma membrane. 
Blocking this transport via the expression of Sar1 dn abrogated the lytic effect of SAT. This 
finding was not in agreement with the results of Mészáros since the expression of SAT was 
not reduced upon the co-expression of Sar1 dn. This experiment suggested that there might 
be an alternative lytic pathway triggered by SAT. However, it should not be excluded that 
SAT might induce an ER-stress response. Many viroporins have multiple functions and can 
interact with other cellular factors. The observed ER-stress might be important for other 
steps of the parvoviral lifecycle. For example, in our experiments we observed a decreased 
infectivity of SAT-ko viruses which might be the result of a missing ER-stress response.  
 
4.3 SAT shows properties of a viroporin 
Since SAT is a short viral protein harbouring a transmembrane domain we hypothesised 
that it might act as a viroporin. Viroporins usually homo-oligomerise within membranes to 
form pores that are permeable to small molecules such as ions. Some of them have also 
been shown to be involved in the lysis of cells. In several experiments we investigated the 
question if SAT could function as a viroporin: 
 
The immunoprecipitation and proximity ligation-experiments clearly showed that SAT 
formed oligomers located within the cell and at the plasma membrane. The UV-induced 
crosslinking experiment let us to suspect that oligomers of higher-order, potentially 
tetramers, might exist. However, the stained protein-bands in the Western Blot did not 
show a sharp outline but appeared cloudy. In the future this method might be improved: 
Similar crosslinking experiments were already conducted with the viroporin protein p7 of 
HCV. In these experiments recombinant p7 protein was inserted into artificial lipid bilayers. 
The photoreactive amino acids photo-leucine and photo-methionine had been incorporated 
into the p7 protein. Following UV-crosslinking, precise bands representing multimeric 
states of p7 were detected in the Western blot (Soranzo et al., 2016). Such an approach 








The Hygromycin B assay demonstrated that the expression of SAT increased the 
permeability of the plasma membrane to small molecules. Only the cells that were 
transfected with pMVM-wt allowed Hygromycin B to pass through the plasma membrane 
which led to the downregulation of the translation of YFP. SAT might also indirectly 
increase the permeability of the plasma membrane to small molecules. The Hygromycin B 
assay was used many times to assess the increase in permeability of a membrane caused by a 
viroporin. However, Madan and Bartenschlager suggested that the uptake of Hygromycin B 
upon expression of a viroporin might be explained with an upregulated endocytosis rather 
than an increased permeability of the membrane (Madan and Bartenschlager, 2015). If this 
is the case for SAT and how this process would be able to induce cell lysis is not clear. 
 
Viroporins are often permeable to small ions such as calcium or sodium ions. We tested if 
pores formed by SAT were permeable to these ions but could not find any hint supporting 
this idea. The time lapse experiment using Sodium Green showed that there was no increase 
in the intracellular sodium concentration preceding cell death and the influx of PI. 
However, it should be considered that the changes in the intracellular sodium concentration 
induced by a SAT pore might be very little. It might not be possible to detect such small 
changes with Sodium Green. Even in dead cells the signal of Sodium Green was very weak 
which let us suspect that the dye might not be sensitive enough for our purposes.  
 
The experiment using Fura-2-AM also did not show any elevated levels of intracellular 
calcium ions, however, it should be considered that this experiment concentrated on a very 
short time period of a few minutes. The time between permeabilisation of the plasma 
membrane to calcium caused by a SAT pore and the event of cell-death might be very short. 
It has to be considered that the concentration of SAT at the plasma membrane might be a 
crucial factor. The more SAT monomers accumulate at the plasma membrane the more 
likely a pore formation becomes. Once a critical concentration of SAT is reached, 
permeabilisation and cell-death might occur in a very short time frame. A dying cell might 
become positive for Fura-2-AM-staining a short time before its cell death. Such events were 
not recorded.  
 
An ideal experiment to analyse the pore formation of SAT would be a black-lipid assay. 






filled in tanks equipped with electrodes measuring currents between the two tanks. 
Recombinant protein such as a viroporin protein is added to the membrane. In this setting 
the permeability of the pores for certain ions can be analysed (figure 40) (Mueller et al., 
1962). This assay already helped to study viroporins such as the p7 viroporin of HCV 
(Griffin et al., 2003) or the Vpu viroporin of HIV-1 (Römer et al., 2004). Another approach 
would be to use the patch-clamp technique that measures currents at the plasma membrane 
of living cells. A viroporin, embedded in the plasma membrane, should be able to change 
the currencies of certain ions across the plasma membrane which can be measured using 
this technique.  
 
Figure 40: Schematic figure of a setup of a black lipid membrane assay. An artificial 
membrane is placed in a hole of a wall that separates two tanks from each other. The 
membrane contains a viroporin. Electrodes are submerged in both tanks and measure 
currencies between the two chambers. (https://en.wikipedia.org/wiki/Model_lipid_bilayer; 
10.06.2018) 
 
What we found surprising was the observation that PI (668.40 Da) with a molecular weight 
that is only slightly bigger than Hygromycin B (527.53 Da) did not pass the membrane 
before cell death occurred. In the time lapse experiment we observed that the dye only 
entered cells that underwent severe morphological changes of cell lysis. We suspect that the 
charged nature of PI inhibits its translocation to the cytoplasm of living, SAT-expressing 
cells. The residues of the transmembrane domain of SAT are exclusively uncharged which 
would make the passage of charged molecules through the pore difficult. The non-polar 
nature of the transmembrane domain might be permeable to other molecules than ions 









          
 
 
Figure 41: Schematic structures of Hygromycin B (527.53 Da) and Propidium Iodide 
(668.40 Da). 
 
The coarse-grained simulation of SAT monomers in a simulated membrane did not lead to 
the development of pore-like structures. However, very symmetric arrangements of dimers 
and tetramers were observed, confirming the results of the UV-induced crosslinking 
experiment. Especially the leucine zipper that starts at the N-terminal domain and reaches 
into the transmembrane domain apparently played an important role in this process. The 
helices first met at their N-termini and increased their interaction surface along the leucine 
residues. A mutation of the leucine zipper (LLLL15/18/22/25GGGG) strongly inhibited 
the lytic nature of SAT.  
 
We suspect that the tetramers might not be the final oligomeric state. The C-termini of the 
helices in the tetramer adopted a slightly curved configuration which let us to suspect that 
additional tetramers might come in to form one large pore. This would lead to the 
formation of structures such as a tetramer of tetramers or a pentamer of tetramers (figure 
42). Furthermore, we also observed during the simulation that the C-termini of the helices 
of the tetramers were able to make interactions with additional monomers underscoring the 
possibility of larger oligomers. An extended simulation time with more monomeric helices 
might lead to the development of larger complexes and even pore-like structures.  
 









Figure 42: Potential structures of a tetramer of tetramers (t.o.t.) and a pentamer of tetramers 
(p.o.t.) of SAT. The tetramer that was found during the coarse-grain simulation was 
modelled using the modeling software blender. This tetramer was used to build large 
oligomeric structures of SAT with each tetramer coloured in a different colour. The glycine 
residues of the GxxxG motif are coloured in red (N: N-terminal end; C: C-terminal end). 
 
Another hint came from the GG31/35LL mutations that abrogated the lytic effect of SAT. 
The glycine 31 and 35 were suspected to form a GxxxG motif, which is frequently seen in 
transmembrane proteins. In this motif the two glycines are located at the same side of the α-
helix within one turn of the helix. With glycine being the smallest residue, this configuration 
Side view t.o.t. Side view p.o.t. 
Top view t.o.t. Side view t.o.t. Bottom view t.o.t. 

















would allow another protein helix to come into very close contact to this site of the protein. 
However, glycine 31 and 35 did not fulfill this function in the simulation. They rather faced 
outwards of the dimers and tetramers and did not take part in the interactions of the 
monomers. If a large pore was formed by a tetramer of tetramers the glycine residues of 
adjacent tetramers would make contacts to each other. A similar configuration of the glycine 
residues would be found in the case of pentamers of tetramers. Additionally, in a 
pentameric tetramer the glycine residues of one helix of each tetramer would face inside the 
large pore (figure 42). This putative configuration might explain the non-lytic phenotype of 
the GG31/35LL mutation. The large leucine residues might inhibit the interaction of the 
tetramers and might reach into the center of the large pore, preventing small molecules to 
pass through. This assumption is also in accordance with the immunoprecipitation 
experiment that showed that the G31/35LL mutation did not abrogate the oligomerisation 
ability of SAT. The GG31/35LL mutation would not inhibit the formation of tetramers, 
but it would prevent the formation of larger oligomers. 
 
The simulation could not explain the non-lytic phenotype of the KR48/49AA mutation. 
The residues seemed to interact with D52, but it was not clear if this interaction was crucial 
to the lytic nature of SAT. Residues at the C-terminal domain might be important to form 
interactions with other helices outside the tetramer. On the other hand, K48 and R49 might 
be important to stabilise the monomeric helix in its position in the membrane. The 
positively charged residues might interact with negatively charged head groups of the 
membrane molecules. The mutation of K48 and R49 to two alanines neither abolished the 
oligomeric state of SAT nor the transport of SAT to the plasma membrane. However, a 
destabilised protein might not be able to fulfill its function.  
 
Furthermore, the simulation could not explain the increased permeability of the plasma 
membrane to Hygromycin B. No pore-like structure was detected that would have been big 
enough for Hygromycin B to fit through. A hypothetical large pore made up of multiple 
tetramers might provide a portal to Hygromycin B.  
 
Another possible lytic mechanism of SAT would be the formation of a holin-like structure. 
Holins are expressed by bacteriophages and they include one to four highly hydrophobic 
transmembrane helices which locate them to the plasma membrane. These proteins are 






large holes in the plasma membrane of the infected bacterium. Additionally, the phage 
expresses endolysins that pass through these holes and cleave the cell wall on the other side 
of the plasma membrane. By this mechanism the bacterium is lysed and the progeny phages 
are released (Saier and Reddy, 2015). The molecular process of the lysis by holins is still not 
fully understood. A hypothetical mechanism is depicted in figure 43. Due to their 
hydrophobic transmembrane helices holins cluster at the plasma membrane into rafts of 
protein that exclude lipids from their inside. At these rafts the polarised nature of the 
plasma membrane is locally disturbed which leads to a conformational change of the holins. 
Subsequently, the holins form large holes of more than 300 nm in diameter. The hydrophilic 
face of the transmembrane helix of the holins is facing inward the hole (White et al., 2011). 
Holin-like proteins have also been found in other organisms than phages. The eukaryotic 
proteins Bax and Bak are holin-like proteins which are involved in the permeabilisation of 
the mitochondrial outer membrane during apoptosis. It was shown that Bax and Bak are 
able to permeabilise the bacterial plasma membrane in a similar way as holins (Pang et al., 
2011; Saier and Reddy, 2015). SAT might also act in a holin-like way. With its highly 
hydrophobic transmembrane domain it might be able to cluster into rafts at the plasma 
membrane of infected cells which might lead to the formation of large holes. Various 
substances including progeny virions would be able to pass through such a hole which 
would immediately lead to the cell lysis.  
 
 
Figure 43: Top-view on the hole formation by holins at the plasma membrane. Holins 
cluster together to form large rafts. Local depolarisation of the plasma membrane leads to 
conformational changes of the holin proteins which makes the rafts transform into large 
holes (White et al., 2011). 
 
It should also be mentioned in this context that parvovirus and phages are similar in other 
features, too. Especially the phage ϕX174 was already found to have similar features as 






replication process”), phage ϕX174 replicates in a rolling circle replication. Both of these 
mechanisms are very similar to each other. Both viruses are packaged as single stranded 
DNAs. Furthermore, it has already been suggested in previous reports that NS1 has 
similarities to protein A of phage ϕX174 (Astell et al., 1985; Nüesch et al., 1995). Both 
proteins contain a metal-coordination site and are involved in the replicative cycle by 
inducing nicks in the viral genome which covalently links them to the DNA via a tyrosine 
residue. These further similarities between parvovirus and phages might be a hint for a 
common evolutionary path between these two viruses. Parts of the phage genome might 
have been incorporated into the genome of parvovirus via recombination events. The SAT 
gene might be the result of such a recombination event which underscores the possibility 
that SAT might act similar to a phage holin.   
 
In this work we could not deliver clear evidence that SAT forms a pore or a hole. 
Therefore, we also have to consider that SAT might induce cell lysis via a different pathway 
that does not include the formation of a pore. SAT might interact with other proteins of the 
plasma membrane such as ion channels, receptors or lipid-sensing proteins and influence 
their functionality which would eventually lead to cell lysis. Such binding partners might be 
found via immunoprecipitations and mass spec analysis. 
 
4.4 Cell-death in MVM-wt or SAT-ko-infected cells and the 
function of SAT 
The potential action of SAT as a viroporin let us hypothesise that the cell morphology 
might change due to osmotic pressure changes in the intracellular environment assuming 
that ions would cross the plasma membrane. Therefore, we performed a time-lapse 
experiment with MVM-wt and SAT-ko-infected cells. However, we did not observe any 
differences in the morphology of MVM-wt-infected cells compared to SAT-ko-infected 
cells. In both cases the plasma membrane collapsed towards the nucleus probably due to the 
degeneration of the cytoskeleton caused by the actions of NS1. Furthermore, the PI-
staining and the Annexin V-staining did not show any differences between MVM-wt- and 
SAT-ko-infected cells. Cells became positive for these dyes when they have already 







If the SAT-ko virus is able to produce progeny viruses and lyse the cell, we asked ourselves 
what the function of the SAT protein in MVM-wt virus was. A striking difference between 
MVM-wt virions and SAT-ko virions was seen in the infectivity. SAT-ko virions were 18 
times less infectious than MVM-wt virions. Such a reduced infectivity was also seen in the 
studies of Baer and coworkers, who observed a strong reduction in infectivity of progeny 
viruses when the vesicular transport system of the virus-producing cells had been inhibited 
(Bär et al., 2013). We suspect that this inhibition of the vesicular transport might have also 
affected the transport of SAT to the plasma membrane, leading to a reduced lysis of the 
virus-producing cells. The produced progeny viruses from these cells were reduced in their 
infectivity. Therefore, we suspect the delayed lysis of SAT-ko-infected cells to be harmful to 
the progeny viruses. It was shown that parvovirus can induce apoptosis which is abrogated 
by a disruption of the plasma membrane. A missing lytic agent might lead to a further 
progression of apoptosis that would be followed up by the breakdown of cellular and viral 
proteins and nucleic acids. It has already been shown that during the infection of tumor 
cells by the H1-parvovirus cathepsins are released from the lysosomes into the cytosol (Di 
Piazza et al., 2007). These released proteases might attack progeny viruses and reduce their 
infectivity. Therefore, we suggest that SAT induces the lysis of the cell in order to avoid 
degrading processes of the dying cell. Another possible function of SAT might be that an 
influx of certain ions thought a pore made of SAT might support the virus in processes 
such as maturation. The nonstructural protein 4 (NSP4) of rotavirus, for example, is a 
viroporin that was found to release calcium ions from the ER. These ions induce autophagy 
required for viral assembly.  
 
From the similarity of SAT to viroporins and the behaviour of SAT within the cell we 
assumed that SAT would act as a pore-forming protein. Viroporins are often permeable to 
ions. If SAT was permeable to ions, we would have expected to see differences in the 
morphological features of dying cells infected with either wt or SAT-ko due to osmotic 
changes. However, neither changes in ion concentration nor differences in the cell death 
were observed. Therefore, we searched for other substances than ions that might pass 
through a pore at the plasma membrane and induce cell death. In 1999 Ran and coworkers 
observed a massive drop in the intracellular concentration of nicotinamide adenine 
dinucleotide (NAD) after an infection with parvovirus. NAD acts as a coenzyme in redox 
reactions thereby transferring electrons to several proteins. It exists in an oxidized (NAD+) 






H-1 the concentration of intracellular NAD (NAD+ and NADH) dropped by 90% after 6 h 
of infection. A drop in intracellular concentration of NADP (NADP+ and NADPH) was 
also observed. Upon inhibition of NAD-consuming enzymes the early secondary necrosis 
which is usually observed in parvovirus-infections, was delayed and more cells showed 
apoptotic features. However, a stimulation of NAD production did not protect cells from 
death. The authors of the paper concluded that the NAD-consuming enzymes would 
influence the cell death pathways to induce an early necrosis thereby depleting NAD stores 
(Ran et al., 1999). In contrast, we hypothesise that NAD (664.43 g/mol) might pass directly 
through the SAT pore at the plasma membrane which would induce necrotic cell death. A 
few reports deliver hints that are in favor of this idea: 
  
Bupivacaine is a local anesthetic. However, it is also neurotoxic and induces apoptosis and 
necrosis. It was found that the treatment of cells with bupivacaine is associated with an 
intracellular depletion of NAD+. Supplementation of NAD+, however, rescued the cells 
from cell death (Zheng et al., 2013). In a similar experimental setup, PC12 cells were treated 
with rotenone, which usually induces apoptosis and necrosis. Additional treatment with 
NAD+ inhibited the induction of cell death (Hong et al., 2014). The exact mechanisms of 
how cell death is induced when NAD stores are depleted is probably quite complex, since 
NAD is a universal communicator in redox biology and therefore involved in many cellular 
reactions. However, the flux of NAD through a SAT-pore might explain a few of the 
phenomenons we observed during our studies. The proximity ligation experiment showed 
that an oligomerisation of SAT was taking place at the plasma membrane. However, we also 
observed oligomerisation at intracellular structures, most likely the ER and the Golgi. In 
these compartments high concentrations of calcium ions can be found. If SAT-pores were 
permeable to calcium ions the formation of a pore at the ER and the Golgi should already 
have led to strong cellular disturbances without the need for SAT migrating the whole way 
to the plasma membrane. However, an inhibition of the transport of SAT to the plasma 
membrane abrogated the cell death indicating that only the permeabilisation of the plasma 
membrane had cytotoxic effects. NAD is both present in the cytoplasm and the ER and 
Golgi (Dölle et al., 2010). The exact concentrations in the respective compartments are not 
known. However, assuming that there are no big concentration gradients between the 
cytoplasm and the ER or Golgi, a permeabilisation of the ER and Golgi membrane to NAD 
would not have a strong negative effect on the cells. However, the concentration gradient of 






extracellular concentrations of NAD are kept low. An efflux of NAD would halt glycolysis 
and other important cellular processes and might induce cell death. In order to find out 
whether SAT has the ability to permeabilise the plasma membrane to NAD, cells could be 
infected with either the MVM-wt- or the SAT-ko-virus and their intracellular and 
extracellular NAD concentrations could be analysed.  
 
Besides its beneficial oncolytic features, parvovirus can also infect animals and humans and 
lead to the development of harmful symptoms such as gastrointestinal problems. A putative 
pore-forming ability of SAT might be exploited by an antiviral therapy. Amantadine was 
shown to strongly interfere with M2, the viroporin of influenza A (Hay et al., 1985). A 
similar molecule might have the potential to block the permeabilisation of the plasma 
membrane by SAT. Such a strategy might be useful for infected canine puppies that suffer 
from severe symptoms of parvovirus infection such as weight loss or heart problems. 
Additionally, it could serve as a safety switch in the oncolytic therapy for special cases if 
unexpected events occur such as a cytokine storm induced by the release of tumor antigens 
from dying cancer cells. A SAT-blocking agent might slow down the viral life cycle and 
thereby reduce the speed of cell lysis.  
 
4.5 Potential therapeutic applications of SAT 
During their studies Geletneky and coworkers discovered a vaccinating effect of the 
oncolysis by parvovirus. Tumour-bearing mice that were treated with H1-parvovirus and 
survived the procedure developed an immunity against the cancer cells. A re-challenge with 
tumour cells did not lead to the formation of a tumour although parvovirus was not 
detected any more. This experiment clearly underscores the importance of the immune 
system in the therapeutic approach. However, it has to be considered that the oncolytic 
therapy with parvovirus still does not lead to a complete regression of tumours in patients. 
Even in preclinical trials tumour-bearing animals that were treated with a low dose of virus 







Figure 44: A low dose of H1-parvovirus cannot heal tumour-bearing rats. Tumor-bearing, 
immunocompromised rats were infected with two different doses of the oncolytic 
parvovirus H1. Survival is shown in a Kaplan-Meier plot. Figure adapted from Li et al. 2013 
(Li et al., 2013) 
 
 
In order to improve the oncolytic virotherapy we wanted to utilize the SAT protein to make 
the virus more toxic to cancer cells. Therefore, we constructed the SUPER virus. The 
genome of SUPER is altered in order to increase the amount of translated SAT. Since SAT 
is mainly responsible for the lysis of the cell we concluded that an increased expression of 
SAT should lead to an increased cell lysis. In a Western blot we saw that the expression of 
SAT could be increased in pMyc-SUPER-transfected cells compared to pMVM-Myc-SAT-
wt-transfected cells. We suspect the increased amount of SAT to be responsible for the 
enhanced lytic potential of pSUPER and pMyc-SUPER that was observed experimentally. It 
should be considered that we analysed cell death after 24 h. Since the wild type virus is 
capable of forming progeny viruses and to spread in the cell culture it is suspected to outrun 
the SUPER virus on the long term regarding cell killing in in vitro experiments. However, we 
still suspect the SUPER virus to have beneficial features compared to the wild type virus. 
The rapid cell killing observed in pSUPER-transfected cells is suggested to lyse the cells 
more efficiently and to induce a stronger immune response in vivo.  
 
To investigate the potential impact of SAT on the stimulation of the host immune system, 
we analysed the immunogenic marker HMGB1. We observed that HMGB1 was released in 
greater amounts from pSUPER-transfected cells than pMVM-wt-transfected cells. 
Additionally, MVM-wt-infected cells released a larger amount of HMGB1 than SAT-ko-
infected cells underscoring the importance of SAT in this process. HMGB1 is usually 
bound to the DNA. In cells that undergo apoptosis HMGB1 becomes tightly bound to the 






apoptosis HMGB1 becomes oxidised at a disulfide bond which abolishes its 
proinflammatory nature. Only the reduced form released during necrosis was found to 
activate immune cells (Dumitriu et al., 2005; Kazama et al., 2008; Rovere-Querini et al., 
2004; Scaffidi et al., 2002; Venereau et al., 2012; Yang et al., 2012). As a follow-up 
experiment the oxidative state of HMGB1 that was released by parvovirus-infected cells 
should be analysed. A non-reducing SDS-PAGE has already been shown to reveal the 
oxidative state of HMGB1. Here, the oxidative and reduced form of HMGB1 can be 
separated in two distinct bands (Hoppe et al., 2006). In order to fully analyse the 
immunogenic potential of SUPER the direct activation of immune cells has to be analysed 
followed by in vivo-studies.  
 
We found it quite odd that infections with parvovirus lead to an apoptosis that is 
interrupted by a secondary necrosis. A necrosis is usually an inflammatory event which 
attracts immune cells and should negatively affect the virus and its spreading capacities in a 
natural infection. However, the induction of apoptosis might lead to the inactivation of 
inflammatory messengers such as HMGB1. It would be interesting to see if SUPER might 
inactivate this process by speeding up the death process and inducing a more immunogenic 
cell death. 
 
Tumor antigens are usually released by dying cancer cells and are taken up by immune cells 
which leads to their stimulation. Moehler and coworkers could show that tumor cell lysates 
of parvovirus-infected cancer cells were taken up by dendritic cells. The dendritic cells 
cross-presented tumor antigens to cytotoxic T cells and released proinflammatory cytokines 
(Moehler et al., 2005). We suspect that infections with the SUPER virus might improve the 
release of antigens and the stimulation of the immune system. We do not know if infections 
of actual tumors in patients with the wild type virus lead to an efficient release of tumor 
antigens and a strong stimulation of the immune system. We also do not know if the 
infected cells produce high levels of SAT to induce lysis of the cell. Almost all patients of 
the clinical trial succumbed to their disease. Improvements of the therapy are therefore 
urgently required. With the SUPER virus we hope that we have developed a powerful 
vector that is able to produce large amounts of SAT to lyse the infected tumor cell in a very 







One drawback of the SUPER virus is its production. Usually, HEK293T cells are 
transfected with the DNA of the wild type virus. Three days after the transfection the 
transfected cells start to die and the produced virus can be isolated from the cells. 
Transfection of pSUPER together with a helper-construct did not produce large amounts of 
virus. The transfected cells already started dying after two days. This result was expected, 
since SUPER produces more SAT which makes it more toxic than the wild type virus. The 
co-transfection with shRNas against SAT could reduce the production of SAT, but it did 
not increase the production of the virus. However, this result is based on a single 
experiment. Modifications of the approach might help to produce robust amounts of 
SUPER virus. 
 
In order to combine the ability of the wild type virus to produce progeny viruses with the 
ability of SUPER to induce rapid cell death the two viruses might be used simultaneously as 
a mixture. This approach might even allow the production of progeny SUPER viruses when 
a cell is simultaneously infected with the wild type and the SUPER virus. In this case the 
wild type virus would provide the necessary VP proteins to package progeny viruses. 
However, it is questionable if a cell that was infected with both viruses is still capable to 
produce progeny viruses in large amounts. In the wild type virus the expression of viral 
proteins including SAT is likely to be finely tuned in order to guarantee the production of 
progeny viruses. A premature cell death induced by an overexpression of SAT might not 
give the cells enough time to produce progeny viruses. Recombination events between the 
two viruses should not be problematic since the two viruses are very similar to each other 
and would most likely not lead to the development of new viral species that would be 
potentially harmful to humans.  
 
Further improvements of the method include the production of Adenovirus-SUPER 
chimera. Antonio Marchini could already show that the parvoviral genome can be 
incorporated into the genome of adenovirus (El-Andaloussi et al., 2012). Advantages of this 
method include the high titers achieved during the production of viruses and efficient gene 
transfer of adenoviruses. In this approach the parvoviral genome was incorporated in a 






cells led to the production of Adenovirus-Parvovirus chimera - parvovirus genomes 
packaged in adenovirus capsids. These viruses were able to infect cancer cells and they were 
able to produce progeny parvoviruses. The Adenovirus-SUPER chimera would require an 
additional segment in their genome to produce VP1 and VP2 since the genome of SUPER 
does not provide the expression of these proteins. Since the uptake of foreign DNA into 
the Ad5 vector genome is limited, sequences in the VP-coding part of the genome of 
SUPER should be deleted to create additional space (figure 45). It has already been shown 
that similar deletions of up to 800 bps in the VP-coding region (MVM-Δ800) did not affect 
the life cycle of parvovirus. For the production of capsids, the VP-coding region could be 
added in trans (Kestler et al., 1999). However, it has to be considered that it has not been 
shown yet that the adenovirus-parvovirus chimera are able to produce progeny viruses in 
tumor xenografts and tumours of patients. If the production does not take place, the 






























































































































































As another improvement we consider making the expression of SAT independent from the 
expression of NS1. In the case of wild type and SUPER virus the expression of SAT is 
regulated by the P38 promoter which is transactivated by NS1. By replacing the P38 
promoter of SUPER with a P4 promoter (P4-SUPER), which is generally active in 
proliferating cells, the expression of SAT would primarily rely on the conversion of the 
single-stranded viral genome to the double-stranded active form which makes transcription 
from the DNA possible. This conversion is only seen in proliferating cells since these cells 
express the required factors for this process (see chapter 1.6.2 “The replication process”). 
The independence of the expression of SAT from NS1 might be important since the 
activity of NS1 to activate the P38 promoter and hence the expression of SAT is regulated 
via acetylation of two residues of NS1 (Li et al., 2013). We do not know if these acetylation 
events also take place in the tumours of patients. In fact, it was shown that the 
transcriptional activity of NS1 could be improved when the cells were treated with valproic 
acid which strongly stimulated the acetylation of NS1 in vitro. Tumour-bearing mice that 
were treated with H1 parvovirus showed an impressive increase in the survival when they 
were additionally treated with valproic acid (Li et al., 2013). The study did not explicitly 
correlate this improvement of the therapy to the increased expression of SAT, but the 
expression of SAT might have been indirectly induced by valproic acid. Nevertheless, this 
phenomenon might be seen as a hint for our hypothesis and that the dependence of the 
expression of SAT on NS1 might pose a disadvantage in the oncolytic therapy. The P4-
SUPER virus would be independent of acetylation events of NS1, which might or might 
not take place in the tumor of a patient. We suspect this virus to lyse cancer cells even in an 
intracellular environment that does not support the full posttranslational modification of 
NS1.  
 
For these reasons we strongly believe that SUPER or any other parvovirus that 











Supplementary figure 1: A mutation at a putative glycosylation-site N5 abolishes bands with 
a higher molecular weight. HEK293T cells were transfected with pMyc-SAT-wt or 
pMyc-SAT-N5S. 24 h later cells were harvested and analysed on a Western blot with 
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